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THE  ORIFICE  AS  A  MEANS  OF  MEASURING 
FLOW  OF  WATER  THROUGH  A  PIPE 


I.     INTRODUCTION 

1.  Scope  of  Bulletin. — In  this  bulletin  are  given  the  results  of 
tests  made  to  determine  the  practicability  of  measuring  the  flow  of 
water  by  means  of  the  thin-plate  circular  orifice  inserted  in  a  pipe, 
to  determine  the  experimental  coefficients  for  calculating  the  velocity 
of  the  flow  in  the  pipe  and  the  discharge,  and  to  determine  the  con- 
ditions most  favorable  to  the  use  of  such  an  orifice  as  a  flow  measuring 
device.  An  orifice  thus  inserted  causes  an  abrupt  change  in  the  con- 
ditions of  flow  as  the  stream  approaches  and  passes  through  the  ori- 
fice and  this  change  in  the  conditions  of  flow  is  accompanied  by  a 
considerable  change  in  pressure  head  which  may  be  readily  measured 
and  which  varies  with  the  velocity  of  flow  in  the  pipe.  The  orifice 
inserted  in  a  pipe  line  is  looked  upon  more  especially  as  a  temporary 
or  field  device  for  measuring  the  flow  of  water  through  a  pipe,  being 
inexpensive,  simple  to  construct,  light  in  weight,  and  easy  to  install. 
There  may  be  opportunities  for  its  use  in  permanent  installations 
where  a  continuous  record  is  not  necessary,  loss  in  head  is  not  an 
important  factor,  and  the  expense  of  any  one  of  the  common  flow 
meters  is  not  justified.  In  flanged  pipe  systems  the  thin-plate  orifice 
may  be  inserted  at  a  joint  with  little  or  no  disturbance  of  existing 
piping;  and  in  long  pipe  lines  the  loss  in  head  caused  by  the  orifice 
will  be  inconsiderable  as  compared  with  other  losses.  It  would  seem 
that  this  device  might  well  be  utilized,  for  example,  in  testing  the 
efficiency  of  certain  forms  of  pumps,  in  measuring  the  performance 
of  individual  wells  of  water  works  systems,  in  determining  the  water 
consumption  for  individual  purposes  in  mills  and  factories,  in  measur- 
ing the  discharge  through  city  mains,  and  in  distributing  water  for 
irrigation  purposes.  In  planning  and  conducting  the  tests  the  condi- 
tions under  which  the  orifice  would  ordinarily  be  found  useful  have 
been  borne  in  mind,  and  no  attempt  has  been  made  to  refine  apparatus 
or  methods  of  observing  beyond  what  might  be  expected  in  practice. 
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Tests  were  made  to  determine:  (1)  the  positions  of  two  cross- 
sections  of  the  pipe,  one  section  upstream  from  the  orifice,  the  other 
downstream  from  the  orifice,  at  which  pressure  head  may  be  measured 
and  the  drop  in  pressure  from  one  section  to  the  other  may  be  most 
favorably  determined,  (2)  the  relation  between  this  drop  in  pressure 
head  and  the  rate  of  discharge  through  the  pipe,  (3)  the  lost  head 
occasioned  by  the  orifice,  (4)  the  effect  of  small  deviations  from  what 
may  be  termed  standard  conditions,  and  (5)  the  proper  size  of  orifice 
for  given  conditions.  In  the  presentation  of  the  results  of  these  tests 
special  attention  has  been  given  to  the  probable  sources,  magnitudes, 
and  effects  of  the  accidental  and  constant  errors  incidental  to  the  ob- 
servations. Attempt  has  been  made  through  the  use  of  tables  and 
curves  to  render  the  results  easily  adaptable  to  all  sizes  of  pipe  from  4 
inches  to  20  inches  in  diameter  and  for  all  sizes  of  orifice  up  to  five- 
sixths  of  the  diameter  of  the  pipe.  In  the  belief  that  others  than  ex- 
perienced hydrauliciaiis  may  find  use  for  the  results,  some  attention 
has  been  given  to  matters  connected  with  the  construction,  installation, 
and  use  of  a  form  of  apparatus  adapted  to  normal  practice. 

2.  Other  Experiments. — The  method  of  measuring  water  by  in- 
serting an  orifice  in  the  pipe  line  is  not  new.    Partially  closed  valves 
have  been  calibrated  as  orifices  for  such  use  and  experiments  of  a 
preliminary  nature  have  been  conducted  recently  with  thin-plate  ori- 
fices.    In  "Experiments  011  Water  Flow  through  Pipe  Orifices,"* 
Horace  Judd  reports  the  progress  of  somewhat  similar  experiments 
conducted  at  Ohio  State  University,  the  orifices  being  in  plates  of 
Monel  metal  1/32  inch  thick  inserted  in  a  5-inch  pipe. 

In  "Diaphragm  Method  of  Measuring  the  Velocity  of  Fluid  Flow 
in  Pipes,"!  Holbrook  Gaskell,  Jr.,  gives  an  account  of  a  brief  series  of 
tests  on  6-inch  and  8-inch  pipe. 

3.  Acknowledgment. — The  tests  were  made  in  the  Laboratory  of 
Applied  Mechanics  of  the  University  of  Illinois  in  1914-15  as  graduate 
work  in  the  Department  of  Theoretical  and  Applied  Mechanics  and  in 
1916-17  as  an  investigation  of  the  University  of  Illinois  Engineering 
Experiment  Station.  The  investigations  were  under  the  general  super- 
vision of  ARTHUR  N.  TALBOT,  Professor  of  Municipal  and  Sanitary 
Engineering  and  in  Charge  of  the  Department  of  Theoretical  and 

*Jour.  of  the  Am.  Soc.  of  M.  E.,  Sept.  1916. 

t Minutes  of  Proc.  of  the  Inst.  of  0.  E.,   1914. 
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Applied  Mechanics.  To  Professor  Talbot  credit  is  due  for  valuable 
suggestions  made  during  the  preparation  of  this  bulletin.  To  PRO- 
FESSORS M.  L.  ENGER  and  FRED  B  SEELY,  of  the  Department  of  Theo- 
retical and  Applied  Mechanics,  credit  is  due  for  many  helpful  sugges- 
tions made  during  the  progress  of  the  work. 

The  tests  treated  in  this  bulletin  are  the  outgrowth  of  brief  ex- 
periments by  C.  S.  MULVANEY,  of  the  class  of  1914,  conducted  under 
the  direction  of  V.  E.  FLEMING,  Assistant  Professor  of  Applied  Me- 
chanics. The  results  of  the  experiments  of  Mr.  Mulvaney  were  pre- 
sented as  an  undergraduate  thesis. 

4.  Notation. — Throughout  the  bulletin  the  following  notation 
will  be  used : 

V  =  mean  velocity  (ft.  per  sec.)"  in  pipe  at  a  section  of 
normal  uniform  flow. 

v  =  velocity  (ft.  per  sec.)  of  the  jet  issuing  from  the  ori- 
fice at  the  section  of  greatest  contraction. 

A  =  cross-sectional  area  of  the  pipe  (sq.  ft.). 

Q  =  rate  of  discharge  (cu.  ft.  per  sec.). 

D  =  diameter  of  the  pipe  (in.). 

d    =  diameter  of  the  orifice  (in.). 

ka  =  lost  head  (ft.  of  water)  caused  by  the  orifice,  including 
the  loss  due  both  to  contraction  and  to  sudden  ex- 
pansion of  the  jet. 

hb  =  drop  in  pressure  head  (ft.  of  water)  ;  or  change  in 
pressure  head  as  registered  by  a  differential  gage  one 
column  of  which  is  connected  to  the  pipe  at  a  section 
of  normal  uniform  flow  upstream  from  the  orifice  and 
the  other  column  of  which  is  connected  to  the  pipe  in 
the  same  plane  as  the  section  of  greatest  contraction 
of  the  jet  downstream  from  the  orifice. 

C  =  coefficient  of  discharge. 

Cc  =  coefiicient  of  contraction. 

Cv  =  coefficient  of  velocity. 

g    =  acceleration  of  gravity  (ft.  per  sec.2). 

Cp  =  factor  depending  on  diameter  of  pipe. 

K  =  velocity  modulus ;  or  velocity  corresponding  to  a  drop 
in  pressure  head  (hb)  of  1  ft. 
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Gr  =  ratio  factor,  depending  on   -r-  • 

« 

F  =  factor  showing  the  dependence  of  ha  on  diameter  of 

pipe. 

J    =  coefficient  expressing  the  relation  between  ha  and  h*. 
C'  =  coefficient  of  discharge  for  bevel-edged  orifices. 
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IT.     ANALYTICAL  RELATION  BETWEEN  VELOCITY,  DROP 
IN  PRESSURE  HEAD,  AND  LOST  HEAD 

5.  Relation  between  Drop  in  Pressure  Head  and  Velocity  of 
Flow. — In  the  use  of  the  pipe  orifice  the  velocity  of  flow  in  the  pipe 
(or  the  rate  of  discharge)  is  calculated  from  the  drop  in  the  pressure 
head  between  a  section  upstream  from  the  orifice  and  a  section  down- 
stream from  the  orifice.  It  is  desirable,  therefore,  to  develop  a  simple 
rational  expression  for  the  velocity  in  terms  of  the  drop  in  the  pres- 
sure head.  Furthermore,  since  the  loss  of  head  caused  by  the  orifice 
in  the  pipe  may  be  a  determining  factor  in  the  selection  of  the  proper 
orifice  it  is  desirable  that  a  rational  expression  be  found  for  the  lost 
head.  Assumptions  have  been  made  concerning  the  behavior  of  the 
jet  which  have  some  experimental  justification  as  will  be  discussed 
later. 


\ 


'*  ft  eg  fan  of  cf/s- 
furbed  flow 


Section/ 


Section  3 


FIG.  1.     BEHAVIOR  OF  JET 


Fig.  1  represents  a  longitudinal  section  of  a  pipe  with  the  water 
passing  through  an  orifice  at  AA'.  Let  section  1  be  a  section  of  normal 
uniform  flow  on  the  upstream  side  of  the  orifice.  As  the  stream  ap- 
proaches the  orifice  from  this  section  it  converges  and,  if  it  may  be 
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assumed  to  behave  not  unlike  the  jet  issuing  from  the  standard  orifice 
in  the  open  air,  it  continues  to  converge  after  leaving  the  orifice  until 
the  greatest  contraction  takes  place  at,  let  us  say,  section  2.  The  jet 
then  expands  until  normal  flow  takes  place  at  section  3. 

Let  hlf  h2,  and  h3  respectively  be  the  pressure  heads  registered 
by  piezometer  tubes  inserted  at  sections  1,  2,  and  3,  and  let  it  be  as- 
sumed that  the  pressure  head  h2  is  the  same  as  it  would  be  if  the  pie- 
zometer tube  at  section  2  were  projecting  through  the  wall  of  the  pipe 
to  the  periphery  of  the  jet  at  the  contracted  section. 

Neglecting  pipe  friction,  the  drop  in  pressure  head  between  the 
section  of  beginning  of  convergence  and  the  section  of  greatest  con- 
traction (Fig.  1)  is  equal  to  the  change  in  velocity  head  between  the 
two  sections  plus  the  loss  in  head  due  to  the  contraction  of  the  jet. 
Then  by  Bernoulli's  Law 

v2          V2 
hb  —  hi—hz  = 


'I     2g 

Since     ^  =  7^-  and  C  =  Ce  Ct 

\  O    Q        Ct 


[(?/ 

**~[&  l 


V2 

29 


hgjt 

=        £>\4 


hh 

_  1   .  (2) 


C2 

It  is  evident  that  this  drop  in  pressure  head,  hi,,  is  the  maximum 
drop  in  head  that  may  be  found  near  the  orifice  and  is  somewhat 
greater  than  the  sum  of  all  losses  occasioned  by  the  orifice,  since  beyond 
the  contracted  section  as  the  velocity  decreases  from  v  to  V  a  portion 
of  the  velocity  head  is  transformed  into  pressure  head. 

6.  Expression  for  Lost  Head. — Between  two  sections  of  uniform 
flow,  one  section  on  each  side  of  the  orifice,  such  as  section  1  and  sec- 
tion 3  (Fig.  1),  a  change  in  pressure  head  is  accompanied  by  three 
losses — the  loss  due  to  contraction,  the  loss  due  to  sudden  expansion, 
and  the  loss  due  to  pipe  friction.  If  the  latter  factor  is  eliminated 
from  consideration,  then  by  methods  similar  to  those  used  in  the 
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derivation  of  the  expression  in  the  preceding  article  it  may  be  shown 
that 

T7-2    r     *  T\  ^  4.  /  1  -i    \         /    *  T\^  n     i  \9i 

.     (3) 


This  is  the  loss  of  head  caused  by  the  orifice.  It  is  evidently 
always  less  than  the  drop  in  pressure  head  of  equation  (1)  but 

approaches  that  quantity  as  the  ratio  -=•  increases. 

In  order  properly  to  apply  these  equations,  the  sections  previously- 
referred  to,  particularly  the  section  of  beginning  of  convergence  and 
the  section  of  greatest  contraction,  must  be  studied  experimentally. 
The  method  of  modifying  the  rational  equations  to  conform  with  the 
experimental  results  will  be  discussed  later. 
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III.     TESTS  AND  RESULTS 

7.  Scope  of  Experiments. — The  principal  tests  were  made  on 
4-inch,  6-inch  and  12-inch  pipe  with  eight  sizes  of  orifices  for  each 
size  of  pipe  as  recorded  in  Table  1.  It  will  be  noted  that  the  diameters 


TABLE  1 
DIAMETERS  OF  ORIFICES  AND  PIPES 


4-inch    Pipe 
Z>=4.08  in. 

6-inch  Pipe 
Z)  =  6.12  in. 

12-inch  Pipe 
Z>  =  12.15  in. 

D 

D 

D 

d 

~d 

d 

d 

d 

~d 

0.497 

8.17 

0.75 

8.16 

1.50 

8.10 

0.667 

6.09 

1.00 

6.12 

2.00 

6.08 

1.00 

4.06 

1.49 

4.10 

3.00 

4.05 

1.34 

3.04 

2.00 

3.00 

4.00 

3.04 

1.67 

2.43 

2.50 

2.44 

5.00 

2.43 

2.00 

2.03 

3.01 

2.03 

6.00 

2.03 

2.68 

1.52 

4.02 

1.52 

8.00 

1.52 

3.33 

1.22 

5.01 

1.22 

10.00 

1.22 

of  the  orifices  range  from  one-eight  to  five-sixths  the  diameter  of  the 
pipe,  and  that  the  eight  ratios  of  diameter  of  pipe  to  diameter  of  ori- 
fice for  the  4-inch  series  are  approximately  the  same  as  for  the  6-inch 
and  12-inch  series. 

The  mean  velocity  in  the  pipe  ranged  from  0.01  ft.  per  sec.  with 
the  smallest  orifice  of  each  series  to  a  maximum  velocity  of  about  23 
ft.  per  sec.  with  the  largest  orifice  of  the  4-inch  series,  14  ft. 
per  sec.  with  the  6-inch  series,  and  3^  ft.  per  sec.  with  the  12-inch 
series. 

Experiments  were  conducted  to  investigate  phases  of  the  problem 
as  follows: 

(1)  Pressure  Variations  and  Behavior  of  Stream 
By  observations  of  pressure  variations  along  the  pipe  the  posi- 
tion of  the  following  sections  was  found:  (a)  the  section  at  which 
the  flow  in  the  pipe  changes  from  normal  uniform  flow  and  the  stream 
begins  to  converge  towards  the  orifice;  (b)  the  section  at  which  the 
jet  issuing  from  the  orifice  becomes  fully  expanded  and  normal  uni- 
form flow  is  resumed;  and  (c)  the  section  of  greatest  contraction  of 
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the  jet  issuing  from  the  orifice.  The  change  in  pressure  head  was 
taken  to  indicate  the  change  in  area  of  stream  flow,  the  section  of 
greatest  contraction  being  located  where  the  pressure  head  is  the 
least.  The  terms  normal  uniform  flow,  beginning  of  convergence,  sec- 
tion of  greatest  contraction,  and  section  where  jet  becomes  fully  ex- 
panded and  normal  uniform  flow  is  resumed  are  used  for  convenience 
to  describe  the  general  phenomena  at  the  several  sections ;  they  are  not 
to  be  taken  to  define  strictly  the  conditions  of  flow.  The  general 
behavior  of  the  stream  in  the  vicinity  of  the  orifice  was  also  studied. 

(2)     Relation  between  Drop  in  Pressure  and  Discharge 

The  observations  of  pressure  variations  along  the  pipe  indicated 
that  the  two  most  favorable  sections  for  gage  connections,  the  sections 
giving  the  steadiest  pressure  and  the  most  reliable  drop  in  pressure 
head  were  a  section  at  or  slightly  upstream  from  the  section  of  begin- 
ning of  convergence  and  one  at  the  section  of  greatest  contraction. 
For  these  sections  a  greater  change  in  pressure  head  was  found  than 
for  any  other  two  sections  in  the  vicinity  of  the  orifice. 

For  measured  rates  of  discharge  the  drop  in  pressure  head  as 
registered  by  a  differential  gage  connected  at  approximately  the  sec- 
tion of  beginning  of  convergence  and  at  the  section  of  greatest  contrac- 
tion was  observed.  From  these  tests  coefficients  of  discharge  will  be 
derived. 

(3)     Lost  Head 

The  lost  head  caused  by  the  orifice,  if  pipe  friction  is  disregarded, 
is  represented  by  the  change  in  pressure  head  between  the  section  of 
beginning  of  convergence  upstream  from  the  orifice  and  the  section 
of  resumed  normal  uniform  flow  down  stream  from  the  orifice,  or  is 
the  difference  between  the  pressure  heads  at  two  sections  of  normal 
uniform  flow,  one  section  above  and  one  below  the  orifice.  Observa- 
tions were  made  to  determine  the  relation  between  lost  head  and  dis- 
charge. 

(4)     Effect  of  Varying  the  Conditions 

Tests  were  made  to  determine:  (a)  the  effect  of  a  small  lateral 
displacement  of  the/orifice,  (b)  the  effect  of  throttling  the  gage  on 
the  precision  of  observations,  (c)  whether  or  not  there  is  a  measure 
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able  difference  between  the  drop  in  pressure  head  with  gage  connec- 
tions made  at  the  top  of  each  section  and  the  drop  in  pressure  head 
with  the  gage  connections  made  at  the  bottom  of  each  section,  (d)  the 
effect  of  number  of  connections  at  each  section  on  the  precision  of 
observations,  and  (e)  the  effect  of  beveling  the  upstream  edge  of  the 
orifice. 

The  drop  in  pressure  was  measured  between  a  section  at  approxi- 
mately the  beginning  of  convergence  and  the  section  of  greatest 
contraction.  The  tests  were  made  only  on  4-inch  and  6-inch  pipe. 

8.  Apparatus. — The  pipe  upon  which  tests  were  made  was  com- 
mercial steel  pipe  which  had  been  in  service  some  years.    In  general 
there  was  a  small  but  measurable  difference  between  the  diameters  of 
the  adjoining  sections  of  pipe  between  which  the  orifice  plate  was  in- 
serted, and,  due  to  roughnesses  and  other  variations,  the  error  of 
measuring  the  diameter  was  perhaps  0.02  inch.    The  pipe  was  horizon- 
tal and  straight  for  a  sufficient  distance  on  each  side  of  the  orifice  to 
make  the  effect  from  bends  negligible. 

All  orifices  were  circular  in  shape  and  were  cut  in  3/16-inch 
steel  plates.  In  general  the  edges  of  the  orifices  were  square.  To 
find  the  effect  of  a  deviation  from  this  standard,  experiments  were 
also  made  with  bevel-edged  orifices,  a  bevel  of  45  degrees  being  made 
on  the  upstream  side  of  the  orifice  in  such  a  way  as  to  leave  a  thick- 
ness of  metal  of  1/32  inch  at  the  throat. 

Drop  in  pressure  head  was  measured  by  the  usual  form  of  U- 
tube  differential  gage,  the  water  gage  being  used  for  small  differences, 
and  the  mercury  gage  for  large  differences. 

The  gage  connections  to  the  pipe  at  the  sections  under  consider- 
ation were  %-inch  pipe  nipples.  Care  was  taken  that  no  burr  was 
left  at  the  inner  edge  of  the  tapped  holes  and  that  the  nipples  did  not 
protrude  beyond  the  inner  surface  of  the  pipe.  The  pipe  nipples 
were  connected  with  the  gages  by  ordinary  rubber  tubing. 

9.  Water  Supply  and  Measurement. — The  supply  of  water  was 
obtained  from  the  60-foot  standpipe  of  the  Hydraulic  Laboratory. 
For  most  of  the  tests  the  water  level  in  the  standpipe  was  within  a 
few  feet  of  the  top  and  a  nearly  constant  head  was  maintained  by  a 
2200-gallon  duplex  pump,  the  pump  being  automatically  regulated. 
For  most  work  the  head  remained  nearly  constant  during  a  given  run, 


FIG,  2.    APPARATUS  FOR  OBSERVING  PRESSURE  CHANGES 
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but  for  large  discharges  surges  occurred  in  the  standpipe  resulting  in 
momentary  fluctuations  in  pressure  in  the  pipe. 

When  less  than  about  1/3  cu.  ft.  per  sec.,  the  discharge  was 
measured  by  weight;  when  greater,  by  displacement. 

Time  of  discharge  was  observed  with  a  calibrated  stop  watch. 

10.  Pressure  Changes  near  Orifice. — For  these  tests  gage  con- 
nections to  the  pipe  were  inserted  at  the  sections  indicated  in  Table  2, 


TABLE  2 

POSITION  OP  SECTIONS  AT  PRESSURE  CONNECTIONS 

Diameter  of  pipe  and  distances  from  the  orifice  to  the  various  sections 
are  given  in  inches. 


Diam. 
of 
Pipe 

Sec.  A 
to 
Orif. 

Sec.  B 
to 
Orif. 

Orif. 
to 
Sec.  C 

Orif. 
to 
Sec.  D 

Orif. 
to 
Sec.  E 

Orif. 
to 
Sec.  F 

Orif. 
to 

Sec.G 

Orif. 
to 
Sec.  H 

Orif. 
to 
Sec.  I 

Sec.  A 
to 
Sec.  I 

4.06 

3^ 

2 

K 

2 

31A 

*Y* 

15H 

25^ 

49^ 

53 

6.12 

±X 

2y2 

H 

2y8 

8X 

20 

38 

74 

77 

12.15 

5 

VA 

16 

40 

76 

127 

132 

section  A  being  upstream  from  the  orifice  and  the  change  in  pressure 
head  between  adjacent  sections  was  observed  at  from  20  to  40  rates 
of  flow  for  each  orifice.  The  maximum  changes  in  pressure  observed 
ranged  from  0.01  ft.  to  50  ft. 

Fig.  2  shows  the  apparatus  for  observing  changes  in  pressure  head 
in  the  12-inch  pipe,  the  orifice  plate  being  between  the  flanges  near 
the  left  of  the  picture  and  the  direction  of  flow  being  from  left  to 
right.  At  the  sections  adjacent  to  the  orifice  (section  A  and  section 
D,  Table  2),  gage  connections  were  inserted  both  in  the  top  and  in  the 
bottom  of  the  pipe,  and  the  two  nipples  at  each  of  these  sections  were 
brought  to  a  union.  Two  connections  were  also  used  at  section  I.  At 
other  sections  a  single  nipple  was  inserted  in  the  bottom  of  the  pipe. 

The  results  of  the  observations  are  shown  graphically  in  Fig.  3. 
For  ease  in  making  comparison,  changes  in  pressure  head  along  the 
pipe  are  shown  in  terms  of  the  lost  head  caused  by  the  orifice  (ratio 
of  change  in  pressure  head  to  lost  head),  an  allowance  for  pipe  friction 
having  been  made. 
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p,  -  D/ameter  ofP/pe 
s^T '  Diameter  of  Orifice 


/  O  /  ^  3 

D/sfance  from  Or/f/ce  /n  P/pe  D/a  meters 

FIG.  3.     PRESSURE  VARIATIONS  NEAR  ORIFICE 


For  each  -7  the.  ordinate  of  the  curve  at  any  section  was  obtained 

by  averaging  the  ratios  for  all  rates  of  flow,  there  being  nothing  to 
indicate  a  consistent  variation  between  these  ratios  at  low  rates  of  flow 
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and  at  high  rates  of  flow.    That  there  are  not  three  curves  shown  for 

each  -r  merely  indicates  that  there  is  close  agreement  between  the  gen- 
d 

eral  behavior  of  the  jet  for  one  size  of  pipe  and  the  general  behavior 
for  other  sizes,  and  does  not  indicate  that  the  size  of  pipe  has  no  in- 
fluence on  the  relation  between  velocity  and  change  in  pressure  head. 

The  dotted  portion  of  the  curve  for -7  =1.22  is  regarded  as  uncertain. 

11.  Deductions  on  Behavior  of  the  Jet. — A  study  of  the  observa- 
tions of  the  changes  in  pressure  head  (which  are  too  numerous  to  be 
shown  here)  and  of  the  curves  in  Fig.  3  warrants  the  following  deduc- 
tions : 

(1)  The  location  of  the  section  of  beginning  of  convergence 
as  the  stream  approaches  the  orifice  is  approximately  0.8  of  the 
diameter  of  the  pipe  upstream  from  the  plane  of  the  orifice,  for 

—  =1.2,  and  it  gradually  approaches  the  orifice  as  —  increases. 

d  .     d 

(2)  The  section  of  greatest  contraction  is  at  a  fairly  con- 
stant distance  of  0.4  of  the  pipe  diameter  downstream  from  the 

plane  of  the  orifice  for  values  of  -=•  of  1.5  or  greater.  As  -7-  be- 
comes less  than  1.5,  the  section  of  greatest  contraction  gradually 
approaches  the  orifice. 

(3)  The  distance  from  the  orifice  to  the  section  at  which  the 
jet  has  fully  expanded  and  normal  uniform  flow  is  resumed 

varies  between  3  and  4  pipe  diameters,  increasing  as  -=  decreases 

until  -r  becomes  1.5,  and  thereafter  probably  decreasing. 
d 

(4)  Downstream  from  the  contracted  section  there  is  a  re- 
gion of  greatly  disturbed  pressure.    As  the  diameter  of  the  ori- 
fice approaches  the  diameter  of  the  pipe,  this  region  approaches 
the  section  of  greatest  contraction  and  the  pressure  fluctuations 
as  shown  by  gage  readings  become  more  violent. 

(5)  The  proportional  accidental  error  of  observing  drop 
in  pressure  head  between  the  section  of  beginning  of  convergence 
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upstream  from  the  orifice  and  sections  downstream  from  the  ori- 
fice is  in  general  least  when  the  downstream  section  is  at  the  point 
of  greatest  contraction.  The  error  increases  as  the  distance  from 
this  section  is  increased  until  the  region  of  maximum  pressure 
fluctuation  is  reached,  and  decreases  thereafter  as  the  down- 
stream section  approaches  the  section  of  resumed  normal  uni- 
form flow. 

(6)     Except  for  -7  =1.2  (the  largest  orifice  used  with  each 
ct 

size  of  pipe),  there  is  no  indication  of  a  variation  between  the 
general  behavior  of  the  flow  passing  through  the  orifice  used  with 
one  size  of  pipe  and  that  passing  the  corresponding  orifices  used 

with  other  sizes  of  pipe.     That  is,  for  a  particular  value  of  -%, 

except  -7  =1.2,  there  is  no  indication  that  the  curve  showing  the 
pressure  variation  for  the  4-inch  pipe  should  not  coincide  with 
that  for  the  6-inch  pipe  and  for  the  12-inch  pipe.  For  -7  =1.2 

there  is  evidence  of  considerable  variation,  though  whether  or 
not  this  is  to  any  considerable  extent  due  to  size  of  pipe  is  prob- 
lematical. 

The  preceding  deductions  indicate  that,  for  the  purpose  of  flow 
measurement,  gage  readings  of  drop  in  pressure  should  be  taken  with 
gage  connections  at  the  section  of  beginning  of  convergence  or  up- 
stream therefrom  and  at  the  section  of  greatest  contraction.  The 
distances  to  these  sections,  as  far  as  effect  on  measurement  of  drop  in 
pressure  head  is  -concerned,  may  be  considered  as  0.8  D  upstream  from 
the  orifice  and  0.4  D  downstream  from  the  orifice.  In  the  tests  to  deter- 
mine the  relation  between  drop  in  pressure  and  discharge  these  dis- 
tances were  used. 

12.  Relation  between  Drop  in  Pressure  Head  and  Discharge. — 
Since  the  use  of  the  pipe  orifice  as  a  flow  measuring  device  depends 
upon  the  proper  relations  between  the  drop  in  pressure  head  and  the 
velocity  (or  rate  of  discharge)  a  wide  range  of  tests  was  made  to 
determine  their  relation  after  the  preliminary  experiments  had  shown 
the  proper  arrangement  of  the  apparatus  as  already  discussed. 


FIG.  4.     PIPE  CONNECTIONS  NEAR  ORIFICE 


Fin.  5.     DIFFERENTIAL  GAGES 
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For  various  rates  of  flow  the  discharge  was  measured  during  an 
observed  time  interval  and  the  drop  in  pressure  head  was  read  from 
the  differential  gage.  The  velocities  in  the  pipe  ranged  from  0.01  ft. 
per  sec.  with  the  smallest  orifice  of  each  series  to  24  ft.  per  sec.  with  the 
largest  orifice  of  the  4-in.  series;  the  drop  in  pressure  ranged  from 
0.01  ft.  to  56  ft.  On  the  average  30  observations  for  as  many  rates  of 
flow  were  made  for  each  size  of  orifice. 

Fig.  4  shows  the  gage  connections  with  the  pipe  at  the  two  sec- 
tions adjacent  to  the  orifice,  the  distances  to  these  sections  being  0.8 


Head  in  ft.  of  water. 


TABLE  3 

SAMPLE  DATA 

Orifices  in  4  in.  pipe 

Time  in  sec.     Discharge  in  cu.  ft.  per  sec. 


Obs.  No. 

Net  Wt. 

Cor.  Time 

Lost  Head 

Drop  in 
Pressure  Head 

Discharge 

Orifice  1.67  in.  diameter. 


183 

345 

240 

0.073 

0.088 

0.0230 

184 

394 

254J 

0.086 

0.104 

0.0247 

185 

414 

240 

0.105 

0.127 

0.0276 

186 

332 

180 

0.123 

0.151 

0.0295 

187 

447 

22H 

0.144 

0.174 

0.0323 

188 

534 

240 

0.172 

0.213 

0.0356 

189 

1076 

420 

0.229 

0.283 

0.0410 

190 

525 

180 

0.293 

0.360 

0,0467 

191 

583 

179| 

0.363 

0.454 

0.0519 

192 

660 

180 

0.468 

0.585 

0.0587 

193 

751 

182* 

0.591 

0.738 

0.0658 

194 

839 

180 

0.760 

0.950 

0.0746 

195 

938 

180 

0.95 

1.18 

0.0834 

196 

977 

165 

1.22 

1.52 

0.0948 

197 

912 

132$ 

1.68 

2.05 

0.110 

198 

960 

121| 

2.21 

2.76 

0.126 

199 

1515 

160 

3.17 

3.95 

0.152 

200 

1739 

180 

3.26 

4.00 

0.155 

201 

1884 

179| 

3.86 

4.76 

0.168 

202 

1857 

164 

4.45 

5.48 

0.181 

203 

1854 

149$ 

5.36 

6.68 

0.199 

204 

1852 

135 

6.56 

8.07 

0.219 

205 

1825 

120 

7.98 

9.97 

0.244 

206 

1821 

106 

10.1 

12.7 

0.276 

207 

3256 

174* 

12.9 

15.9 

0.298 

208 

3373 

155 

16.7 

20.6 

0.348 

209 

3385 

140 

20.3 

25.4 

0.387 

210 

3129 

120 

23.7 

29.5 

0.417 

Orifice  2.00  in.  diameter 


211 

252 

360 

0.008 

0.009 

0.0112 

212 

301 

360 

0.011 

0.013 

0.0134 

213 

223 

360 

0.013 

0.015 

0.0144 

214 

284 

300 

0.013 

0.018 

0.0152 

215 

519 

484 

0.017 

0.022 

0.0172 

216 

246 

200 

0.020 

0.026 

0.0197 

217 

247 

200 

0.021 

0.030 

0.0197 

218 

683 

490 

0.030 

0.039 

0.0223 

219 

818 

560 

0.034 

0.044 

0.0234 

220 

578 

360 

0.040 

0.052 

0.0257 

221 

576 

330 

0.046 

0.060 

0.0279 
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TABLE  3     (Continued) 

SAMPLE  DATA 
Orifices  in  12-in.  pipe 

Head  in  ft.  of  water.     Time  in  sec.     Discharge  in  cu.  ft.  per  sec. 


Obs.  No. 

Net  Wt. 

Cor.  Time 

Lost  Head 

Drop  in 
Pressure  Head 

Discharge 

Orifice  1.50  in.  diameter 


613a 

224 

600 

0.011 

0.011 

0.00598 

614a 

210 

500 

0.013 

0.013 

0.00672 

615a 

198 

400 

0.017 

0.018 

0.00793 

616a 

205 

360 

0.021 

0.022 

0.00911 

617 

209 

339 

0.028 

0.029 

0.00987 

618 

216 

300 

0.036 

0.036 

0.0115 

619 

202 

261 

0.042 

0.044 

0.0124 

620 

203 

241 

0.050 

0.052 

0.0135 

621 

208 

215 

0.067 

0.067 

0.0155 

622 

258 

240 

0.079 

0.080 

0.0172 

623 

376 

332 

0.090 

0.092 

0.0181 

.   624 

342 

240 

0.112 

0.113 

0.0228 

625 

300 

241 

0.135 

0.135 

0.0199 

626 

372 

240 

0.176 

0.176 

0.0248 

627 

347 

199 

0.216 

0.216 

0.0279 

628 

392 

199 

0.274 

0.277 

0.0315 

629 

448 

200 

0.350 

0.353 

0.0358 

630 

497 

200 

0.428 

0.437 

0.0398 

631 

517 

191 

0.516 

0.523 

0.0433 

632 

585 

191 

0.663 

0.675 

0.0490 

633 

596 

180 

0.773 

0.790 

0.0530 

634 

650 

180 

0.915 

0.940 

0.0578 

635 

730 

184 

1.12 

1.14 

0.0635 

636 

830 

179 

1.50 

1.53 

0.0742 

637 

1040 

202 

1.86 

1.91 

0.0825 

638 

1512 

260 

2.39 

2.44 

0.0930 

639 

1542 

240 

2.97 

3.04 

0.103 

640  ' 

1725 

240 

3.66 

3.72 

0.115 

641 

1644 

200 

-   4.79 

4.89 

0.132 

642 

1679 

180 

6.18 

6.31 

0.149 

643 

1902 

180 

7.88 

8.04 

0.169 

644 

1787 

155 

9.56 

9.70 

0.184 

645 

3286 

259 

11.5 

11.7 

0.203 

646 

3218 

215 

15.9 

16.2 

0.239 

647 

1800 

1031 

'  21.2 

21.6 

0.279 

648 

3254 

166* 

27.2 

27.8 

0.312 

649 

3110 

138 

36.2 

36.9 

0.361 

650 

3398 

145 

41.4 

42.1 

0.375 

Orifice  2 . 00  in.  diameter 


vyriiii;e  ^  .  \j\j  ill.  uiau-icw;* 

651 

224 

360 

0.009 

0.010 

0.00997 

652 

241 

300 

0.012 

0.013 

0.0129 

653 

206 

240 

0.016 

0.018 

0.0137 

654 

223 

270 

0.017 

0.017 

0.0132 

655 
656 

258 
246 

240 

I88i 

0.026 
0.037 

0.028 
0.040 

0.0172 
0.0209 

657 

287 

180 

0.056 

0.060 

0.0255      ^v 

D  upstream  and  0.4  D  downstream  from  the  orifice  and  there  being 
two  pressure  openings  at  diametrically  opposite  points  at  each  section. 
Fig.  5  shows  the  differential  gages  with  connecting  hose.  The  two  gages 
on  the  left,  one  for  mercury,  the  other  for  water,  are  connected  to  the 
sections  adjacent  to  the  orifice  and  register  the  drop  in  pressure  head ; 
the  two  gages  on  the  right  register  the  lost  head  due  to  the  orifice  plus 
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TABLE  3  (Concluded) 

SAMPLE  DATA 
Orifices  in  12-in.  pipe 

Head  in  ft.  of  water.     Time  in  sec.     Discharge  in  cu.  ft.  per  sec. 


Obs.  No. 

Cubic  Feet 

Cor. 
Time 

Lost 
Hoad 

Drop  in 
Pressure 
Head 

Cu.  Ft. 
Sec. 

Initial 

Final 

Net 

Orifice  6.00  in.  diameter 


783 

48.2 

167.3 

119.1 

293i 

0.136 

0.179 

0.407 

784 

54.7 

170.3 

115.6 

233 

0.197 

0.265 

0.497 

785 

57.7 

168.3 

110.6 

27U 

0.136 

0.183 

0.407 

786 

54.5 

189.4 

134.9 

228$ 

0.276 

0.370 

0.589 

787 

53.3 

200.9 

147.6 

217 

0.371 

0.497 

0.680 

788 

57.2 

209.6 

152.4 

194 

0.490 

0.66 

0.786 

789 

45.1 

193.7 

148.6 

168f 

0.61 

0.82 

0.882 

790 

44.5 

178.7 

134.2 

134 

0.80 

1.06 

1.00 

791 

37.0 

177.0 

140.0 

122* 

1.04 

1.40 

1.14 

792 

13.6 

190.9 

177.3 

133f 

1.40 

1.89 

1.33 

793 

14.1 

187.9 

173.8 

113* 

1.84 

2.47 

1.53 

794 

1.4 

204.1 

205.5 

119 

2.38 

3.18 

1.72 

795 

15.5 

184.3 

168.8 

78 

3.76 

5.07 

2.16 

796 

4.4  ' 

209.9 

205.5 

85| 

4.50 

6.23 

2.39 

797 

6.8 

226.6 

219.8 

84* 

5.27 

7.12 

2.60 

798 

11.0 

204.5 

193.5 

72 

6.46 

8.94 

2.69 

799 

2.3 

236.6 

234.3 

79* 

6.89 

9.32 

2.95 

Orifice  8.00  in.  diameter. 
Observed  discharge  given  in  pounds 


800 

1443 

122 

0.005 

0.010 

0.189 

801 

1771 

122* 

0.008 

0.0155 

0.232 

802 

3245 

235 

0.007 

0.014 

0.221 

803 

3187 

200 

0.010 

0.018 

0.255 

804 

3197 

176* 

0.013 

0.024 

0.290 

805 

3148 

162 

0.015 

0.0295 

0.313 

•     Discharge  in  Cubic  Feet 


806 

55.6 

165.4 

109.8 

302^ 

0.023 

0.040 

0.363 

807 

57.8 

169.1 

111.3 

264: 

0.029 

0.050 

0.421 

808 

60.3 

169.8 

109.5 

241 

0.035 

0.063 

0.454 

809 

11.3 

167.4 

156.1 

293^ 

0.047 

0.085 

0.532 

810 

50.5 

167.2 

116.7 

187] 

0.070 

0.110 

0.622 

811 

48.2 

170.6 

122.4 

164* 

0.092 

0.148 

0.745 

812 
813 

45.2 
52.7 

176.3 
182.1 

131.1 

129.4 

156* 
136* 

0.125 
0.154 

0.200 
0.250 

0.838 
0.948 

814 

42.8 

205.8 

163.0 

0.206 

0.325 

1.07 

815 

51.1 

202.4 

141.3 

125* 

0.27 

0.435 

1.21 

816 

41.3 

215.7 

174  .4 

129* 

0.30 

0.53 

1.35 

817 

36.3 

225.2 

188.9 

121* 

0.41 

0.70 

1.56 

818 

35.4 

223.1 

187.7 

102 

0.53 

0.97 

1.84 

819 

39.4 

225.3 

185.9 

97 

0.60 

1.10 

1.92 

820 

27.4 

221.2 

193.8 

91 

0.76 

1.38 

2.13 

821 

25.9 

236.7 

210.8 

88 

0.95 

1.70 

2.40 

822 

7.1 

230.5 

223.4 

91* 

1.07 

1.78 

2.44 

the  loss  due  to  pipe  friction  within  the  length  between  gage  connec- 
tions.   The  lost  head  will  be  discussed  in  section  16. 

A  sample  of  the  data  thus  obtained  is  shown  in  Table  3.  The 
values  of  lost  head  there  recorded  have  been  corrected  for  pipe  fric- 
tion. 
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FIG.  6.     EXPERIMENTAL  DISCHARGE  CURVES — I-INCH  PIPE 


The  data  of  the  tests  are  plotted  logarithmically  in  Figs.  6,  7 
and  8,  the  observed  drop  in  pressure  head  in  feet  being  plotted  against 
measured  discharge  in  cubic  feet  per  second.  The  lines  which  have 
been  drawn  through  the  ntean  of  the  plotted  points  are  seen  to  be 
straight  and  very  nearly  parallel.  It  will  also  be  noted  that  the  curves 
for  one  series  bear  the  same  general  relation  to  one  another  as  do  the 
curves  for  the  other  two  series. 

The  mean  of  the  measured  slopes  of  the  24  curves  varies  only 
slightly  from  2.00.  A  study  of  the  curves  indicates  that  the  variation 
of  the  slopes  of  the  individual  curves  from  the  mean  value  is  partly 
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FIG.  7.     EXPERIMENTAL  DISCHARGE  CURVES — G-INCH  PIPE 

accidental.  Since  the  curves  are  plotted  to  logarithmic  scale  and  have 
a  slope  of  2,  hb  may  be  said  to  vary  as  F2,  which  is  in  accord  with  the 
theoretical  expression,  equation  (1)  p.  12.  To  make  the  theoretical 
equation  exactly  fit  the  experimental  curves  it  must  be  assumed  that 
for  a  particular  size  of  orifice  and  pipe  the  coefficient  of  discharge 
decreases  slightly  as  the  drop  in  pressure  head  increases,  as  may  be 
seen  in  Table  4. 

The  values  of  the  coefficients  of  discharge  in  Table  4  were  obtained 

by  substituting  in  equation  (1)  values  of  hb  and  V  =  5.  taken  from  the 

A 

experimental  curves.    It  will  be  seen  that  for  a  particular  value  of  - 
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FIG.  8.    EXPERIMENTAL  DISCHARGE  CURVES  —  12-iNCH  PIPE 


TABLE  4 
COEFFICIENT  OF  DISCHARGE — C 


D 

4-in.  Pipe 

6-in.  Pipe 

12-in.  Pipe 

d 

A,-0-1 

ft*"1'00 

*.-» 

fc^0-1 

ft,-1'00 

fc^50 

ft*-01 

^-i-oo 

»,> 

1.22 

0.771 

0.760 

0.753 

0.746 

• 

0.742 

1.52 

0.670 

0.663 

0.651 

0.659 

0.651 

0.638 

0.631 

2.03 

0.633 

0.628 

0.617 

0.620 

0.616 

0.608 

0.615 

0.609 

0.603 

2.43 

0.622 

0.619 

0.609 

0.609 

0.606 

0.600 

0.608 

0.602 

0.596 

3.05 

0.617 

0.614 

0.606 

0.604 

0.602 

0.597 

0.605 

0.600 

0.594 

4.07 

0.618 

0.615 

0.608 

0.606 

0.604 

0.598 

0.605 

0.600 

0.595 

6.10 

0.626 

0.624 

0.618 

0.613 

0.611 

0.601 

0.610 

0.606 

0.602 

8.14 

0.638 

0.636 

0.630 

0.619 

0.616 

0.604 

0.610 

0.606 

0.602 
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the  coefficient  of  discharge  not  only  decreases  slightly  as  the  drop  in 
pressure  head  increases  but  also  decreases  as  the  diameter  of  the  pipe 
increases. 

For  a  better  understanding  of  the  general  behavior  of  the  coeffi- 
cient of  discharge,  and  also  that  the  coefficient  of  discharge  may  be 

determined  readily  for  other  values  of  -=-  than  those  of  the  experiments, 

the  data  of  Table  4  for  the  4-inch  pipe  are  shown  graphically  by  the 
two  upper  curves  of  Fig.  9,  values  of  the  coefficients  being  plotted 

against  -7  •  The  two  curves — the  full  line  for  /i&=0.1  ft.  and  the  dash 
line  for  /i&=50  ft. — are  intended  to  show  the  extremes  of  the  coefficients 

which  may  possibly  be  used.  For  -j  greater  than  3.0  the  coefficient 
of  discharge  increases  nearly  as  a  straight  line,  a  peculiarity  which 

may  perhaps  be  explained  through  the  fact  that  as  -=•  increases  the 

a 

distance  from  the  wall  of  the  pipe  to  the  periphery  of  the  jet  at 
the  section  of  greatest  contraction  also  increases  and  there  is  con- 
sequently less  likelihood  of  the  pressure  at  the  wall  of  the  pipe  being 
the  same  as  that  which  exists  at  the  periphery  of  the  jet  at  the  section 

of  greatest  contraction.  As  -=-  decreases  from  3.00  the  coefficient  of 
discharge  increases,  and  the  rate  at  which  the  coefficient  changes  for 
small  values  of  -=  still  further  emphasizes  the  impracticability  of 

attempting  to  make  precise  measurements  of  discharge  when  the  di- 
ameter of  the  orifice  is  greater  than  two-thirds  the  diameter  of  the  pipe. 

The  C  curves  for  the  4-inch  pipe  are  typical  of  those  for  the  6-inch 

and  12-inch  for  the  lower  values  of  hi,  and  — r ,  but  as  hi,  becomes 

a 

larger  the  rate  of  increase  of  C  diminishes  for  the  higher  values  of   — r  • 

a 

The  two  lower  curves  of  Fig.  9  illustrate  this  change  in  rate  of  in- 
crease of  C. 

13.     Simplified  Equations  for  Velocity  and  Discharge. — The  the- 
oretical equation  for  the  determination  of  velocity  in  the  pipe  in  terms 
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FIG.  9.    COEFFICIENTS  OF  DISCHARGE 
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of  the  drop  of  pressure  head  (equation   (2),  p.  12)  may  be  put  in 
the  form 


v- 


.      .      .      .     (4) 


in  which 


The  expression  for  the  rate  of  discharge  then  is 


(5) 


Within  the  range  of  the  drop  in  pressure  likely  to  be  used  in 
practice,  K  may  with  small  error  be  regarded  as  a  constant  for  a  par- 
ticular size  of  pipe  and  orifice.  To  simplify  the  work  of  computing 
velocities,  values  of  K  for  various  sizes  of  pipes  are  given  in  Table  5. 
For  convenience,  the  term  K  will  be  called  the  velocity  modulus.  Some 
of  the  values  of  the  velocity  modulus  have  been  carried  to  one  more  sig- 


TABLE  5 

VELOCITY  MODULUS — K 
Values  of  K  in  Equation  V 


D 

d 

Velocity  Modulus 

4-in.  Pipe 

5-in.  Pipe 

6-in.  Pipe 

8-in.  Pipe 

10-in.  Pipe 

12-in.  Pipe 

2.00 

1.275 

1.250 

1.240 

1.240 

1.240 

1.240 

2.10 

1.150 

1.123 

1.111 

1.110 

1.110 

1.110 

2.20 

1.030 

1.015 

1.010 

1.010 

1.010 

1.010 

2.30 

0.944 

0.930 

0.925 

0.925 

0.925 

0.925 

2.40 

0.865 

0.850 

0.845 

0.845 

0.845 

0.845 

2.50 

0.798 

0.785 

0.779 

0.779 

0.779 

0.779 

2.60 

0.736 

0.725 

0.720 

0.720 

0.720 

0.720 

2.70 

0.684 

0.672 

0.667 

0.667 

0.667 

0.667 

2.80 

0.635 

0.625 

0.620 

0.620 

0.620 

0.620 

2.90 

0.592 

0.583 

0.578 

0.577 

0.576 

0.576 

3.00 

0.553 

0.545 

0.540 

0.540 

0.539 

0.539 

3.25 

0.473 

0.465 

0.462 

0.461 

0.461 

0.461     . 

3.50 

0.405 

0.399 

0.395 

0.395 

0.395 

0.395 

3.75 

0.351 

0.345 

0.342 

0.342 

0.342 

0.342 

4.00 

0.310 

0.305 

0.303 

0.302 

0.302 

0.302 

4.50 

0.244 

0.240 

0.238 

0.237 

0.237 

0.237 

5.00 

0.197 

0.194 

0.192 

0.192 

0.192 

0.192 

5.50 

0.165 

0.161 

0.160 

0.160 

0.160 

0.160 

6.00 

0.138 

0.136 

0.135 

0.135 

0.135 

0.135 

34 


ILLINOIS   ENGINEERING   EXPERIMENT    STATION 


nificant  figure  than  the  data  may  warrant  in  order  to  permit  more 
nearly  accurate  interpolation.    In  interpolating  for  other  values  of   -7 

or  other  sizes  of  pipe  than  those  shown  it  may  be  assumed  that  the 
velocity  modulus  varies  as  a  straight  line. 

The  computations  for  the  velocity  modulus  were  based  on  the 
coefficients  of  discharge  for  a  drop  in  pressure  head  of  1.0  ft.  as  shown 
in  Table  4  and  by  the  curves  of  Figs.  9  and  10.  (Fig.  10  is  explained 
in  the  following  section.)  Since  K  varies  as  C  and  since  C  decreases 
as  hi  increases,  the  values  of  the  velocity  modulus  are  for  a  large  drop 
in  pressure  head  slightly  too  large  and  for  a  small  drop  in  pressure 
head  slightly  too  small;  but  within  the  limits  hi=0.\  ft.  to  7i&=10  ft.. 
which  seem  to  be  about  the  limits  which  would  be  found  practicable 
under  ordinary  conditions  of  flow,  the  error  introduced  by  use  of 
Table  5  is  negligible. 

14.  Application  to  Other  Sizes  of  Pipes. — In  order  to  use  equa- 
tion (2)  or  (4)  for  sizes  of  pipe  other  than  those  used  in  the  experi- 
ments herein  recorded  it  is  important  to  determine  the  effect  of  the 
diameter  of  the  pipe  on  the  coefficient  of  discharge.  The  proper  co- 
efficient of  discharge  is  obtained  by  applying  a  diameter  factor,  Cp, 
which  is  the  quantity  by  which  the  coefficient  of  discharge  for  a  6-inch 
pipe  must  be  multiplied  to  produce  the  coefficient  of  discharge  for  a 
given  size  of  pipe.  The  values  of  the  diameter  factor  for  various  diam- 
eters of  pipe  are  shown  in  Fig.  10.  Since  the  curve  is  based  on  only 
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three  plotted  points  it  is  likely  to  be  somewhat  in  error.    Its  use  should 

be  confined  to  values  of  -T  between  2  and  6  and  between  1  ft.  and  10 

a 

ft.  for  hi>  if  accurate  results  are  desired. 

15.  Empirical  Relation  between  Velocity  and  Drop  in  Pressure 
Head. — From  the  discharge  curves  of  Figs.  6,  7,  and  8  the  following 
empirical  equation  has  been  derived  for  the  velocity  in  terms  of  the 
drop  in  pressure  head, 


V  =  4.85-_- ^-  ((j) 


This  equation  has  an  advantage  over  the  rational  expression, 
equation  (2),  in  that  the  variable  coefficient  of  discharge  is  eliminated. 
This  empirical  equation  will  give  approximately  the  same  results  as 

equation  (2)  for  those  values  of  -j  which  are  recommended  for  use 
in  engineering  practice,  namely,  for  values  of  -7  between  2  and  6. 

16.  Empirical  Formula  for  Lost  Head. — Since  the  amount  of 
lost  head  caused  by  the  orifice  may  be  an  important  factor  in  the  selec- 
tion of  the  orifice  to  be  used,  or  even  in  accepting  the  pipe  orifice 
method  of  measuring  the  discharge,  it  is  important  to  know  the  rela- 
tion between  the  drop  in  pressure  head  and  the  lost  head.  In  Fig.  5 
the  gages  on  the  right  registered  the  lost  head  due  to  the  orifice  plus 
the  loss  due  to  pipe  friction  within  the  length  between  gage  connec- 
tions. 

The  results  of  the  experiments  to  determine  this  relation  indicate 
that  the  rational  expression,  equation  (3)  p.  13,  holds  good  when 

the  ratio  -j  is  large  but  gives  results  which  are  increasingly  too  large 

as  -^  decreases,  until  for  —  =  1.2  the  lost  head  as  computed  by  equation 

(3)  is  about  3  per  cent  less  than  the  lost  head  as  determined  by  ex- 
periment. In  arriving  at  this  conclusion,  the  coefficients  of  discharge 
as  determined  from  the  experiments  on  drop  in  pressure  head  and 
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as  shown  in  Table  4  were  used  in  the  rational  expression  and  the  coef- 
ficients of  contraction  employed  were  derived  assuming  a  coefficient 
of  velocity  of  0.98. 

Equation  (3)  is  too  complicated  an  expression  to  be  used  readily 
in  computing.  A  simpler  expression  for  the  lost  head  and  the  dis- 
charge is  given  by  the  empirical  equation 


•  02 


ft0=O.Q366Fim  -£      .   F2         ....      (7) 


in  which  F  is  a  factor  depending  on  the  size  of  pipe  and  having  the 
values  0.98  for  4-inch  pipe,  1.02  for  6-inch  pipe  and  1.04  for  12-inch 
pipe.  This  expression  gives  lost  heads  correct  within  about  2  per  cent 

except  when  -^  is  less  than  1.5.  For  —  =1.2  the  expression  gives  results 

about  3  per  cent  too  small. 

A  convenient  expression  for  determining  the  lost  head,  having 
given  the  drop  in  pressure  head,  is  given  by  the  equation 


D 

The  values  of  J  in  the  foregoing  equation  for  given  values  of  hi, 
are  shown  by  the  curve  in  Fig.  11. 

17.  Choice  of  Orifice.  —  The  choice  of  the  size  of  orifice  to  be 
used  under  given  conditions  may  depend  upon  four  factors,  the  rate 
of  flow  in  the  pipe,  the  lost  head  that  may  be  allowed,  the  desired 
precision  of  the  discharge  measurement,  and  the  maximum  drop  in 
pressure  head  which  the  differential  gage  will  register.  Table  6  which 
shows  approximate  values  of  the  drop  in  pressure  head  and  the  lost 

head  for  several  velocities  and  values  of  -r  is  intended  to  be  of  assist- 

ed 

ance  in  estimating  the  size  of  orifice  best  adapted  to  particular  re- 
quirements.   In  Fig.  12  the  drop  in  pressure  head  for  various  ratios 

of  —  is  given  in  terms  of  the  lost  head. 
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FIG.  11.    RELATION  BETWEEN  LOST  HEAD  AND  DROP  IN  PRESSURE  HEAD 
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3  45  6  7        n     Q 

ftotfb  of  Diameter  ofP/pe  /o  Diameter  of  Orifice,^ 
FIG.  12.    RELATION  BETWEEN  MAXIMUM  DROP  IN  PRESSURE  AND  SIZE  OF  ORIFICE 


The  relative  error  in  the  observation  of  the  drop  in  pressure  head 
varies  inversely  as  -j  but  for  —  equal  to  2.0  or  greater  the  error  may 

Ci  (t 

be  reduced  to  a  negligible  quantity.  There  are  other  factors  which 
make  it  advisable  to  use  a  diameter  of  orifice  not  greater  than  one- 
half  that  of  the  pipe  when  conditions  will  allow.  If  the  magnitude  of 
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TABLE  6 

APPROXIMATE  VALUES  OF  DROP  IN  PRESSURE  AND  LOST  HEAD 
/i6  =  drop  in  pressure  head  in  feet;  ha  =  lost  head  in  feet 


D 

D 

D 

D 

D 

D 

—  =1.2 

~d     =1'° 

~d     = 

~~d     =2'5 

~d    = 

T=4'° 

V 

hb 

hb 

ha 

hb 

h. 

hb 

ha 

hb 

ha 

hb 

ha 

0.2 

0.43 

0.39 

0  5 

0.16 

0.12 

0.41 

0.33 

0.86 

0.7S 

2.7 

2.5 
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14 

12 

43 

39 
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1.5 
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15 

12 

31 

26 

4 
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10 

7 

26 

21 

55 

47 

5 
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4.1 
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16 

12 

41 

33 

6 

1.5 
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3.2 

23 

17 

59 

48 

10 

4.1 

1.3 

17 

9 

64 
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the  lost  head  is  not  an  important  factor,  it  is  best  that  the  drop  in 
pressure  head  be  greater  than  1.0  ft.  so  that  the  relative  error  of 
measurement  will  be  small,  but  the  indications  are  that  gage  heights 
as  small  as  0.2  ft.  may  be  measured  with  good  results,  provided  the 
observer  is  experienced.  Reliable  observations  may  be  taken  with  an 
orifice  having  a  diameter  two-thirds  that  of  the  pipe,  but  the  probable 
error  of  reading  the  gage  is  likely  to  be  several  times  what  it  is  for  the 
smaller  orifices,  even  though  the  gage  be  carefully  throttled.  An 
orifice  having  a  diameter  much  greater  than  two-thirds  that  of  the 
pipe  should  not  be  used  except  for  approximate  discharge  measure- 
ments. 

As  an  illustrative  example  let  it  be  required  to  measure  the  rate 
of  discharge  through  an  8-inch  pipe  the  velocity  in  which  varies 
during  the  day  through  a  large  range,  say  from  about  1  to  6  ft.  per 
sec.  Should  the  pipe-orifice  method  be  used  and,  if  so,  what  size  of 
orifice  should  be  installed?  From  Table  6  it  will  be  noted  that  for 

—  =2  the  drop  in  pressure  head  is  0.64  ft.  for  a  velocity  of  1  ft.  per  sec. 

in  the  pipe,  with  a  lost  head  of  0.46  ft.  Likewise  the  drop  in  pres- 
sure head  is  23  ft.  for  a  velocity  of  6  ft.  per  sec.  with  a  lost  head  of 
17  ft.  Assuming  that  a  lost  head  of  10  ft.  is  the  greatest  that  should 
be  allowed  and  that  both  a  water  gage  and  a  mercury  gage  would  be 
used  for  a  range  in  drop  of  pressure  head  of  23  ft.,  it  is  seen  that  an 
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orifice  larger  than  4  in.  should  be  selected.  One  with  — =1.5  gives  a 
range  in  drop  in  pressure  head  from  0.17  to  5.9  ft.  corresponding  to  a 
range  in  lost  head  of  0.09  to  3.2  ft.  An  orifice  with—  =1.5  would  give 

somewhat  less  nearly  accurate  results  than  one  with— =2  (as  already 
discussed)  but  it  would  answer  the  purpose  well,  although  perhaps  it 
would  be  advisable  to  use  a  slightly  larger  orifice,  one  with  —  =1.6  or 

!-,„ 

18.  Computations  for  Discharge. — For  most  precise  computations 
use  equation  (2),  p.  12,  with  coefficient  of  discharge  taken  from 
Table  4,  p.  30.  For  sizes  of  pipe  other  than  those  for  which  coeffi- 
cients are  shown  use  the  diameter  factor  as  explained  in  section  14, 

p.  34.  With  -i-from  1.5  to  6  and  with  care  in  making  the  observa- 
tions, the  error  introduced  may  be  kept  lower  than  2  per  cent.  "With 
wider  ranges  of  —=-  or  with  very  high  or  low  values  in  drop  in  pressure 

head  this  percentage  will  be  increased,  because  of  difficulties  in  read- 
ing the  gage  properly. 

For  less  precise  computations  use  equation  (4)  or  equation  (5), 
p.  33,  with  the  proper  velocity  modulus  taken  from  Table  5,  p.  33. 

With  pipe  from  4  to  12  inches  in  diameter  and  with  -j-  from  1.5  to  6, 
the  maximum  error  introduced  will  be  about  3  per  cent.  With  wider 

ranges  of  —=-  or  with  very  high  or  low  values  of  drop  in  pressure  head 

d  ' 

this  percentage  will  be  correspondingly  increased. 

The  use  of  equation   (6),  p.  35,  eliminates  variable  coefficients. 

For  sizes  of  pipe  from  4  to  12  inches,  with  —=-  from  2  to  4  the  maximum 

error  will  not  be  greater  than  3  per  cent.     With  —  less  than  2  or 

greater  than  4  the  error  introduced  may  be  5  per  cent  or  more. 

Diagrams  similar  to  Figs.  6,  7,  and  8  may  be  constructed,  from 
which  the  discharge  for  the  more  common  sizes  of  pipe,  with  the  proper 
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range  of  -y,  may  be  obtained  directly.     The  calculation,  however, 

•  A         5 
from  equations  (4)  and  (5)  and  Tables  6  and  7  is  very  simple. 

To  determine  the  lost  head,  having  given—  and  the  drop  in 
pressure  head,  use  equation  (8),  p.  36. 

19.  Errors  and  Precautions. — In  the  use  of  a  flow  measuring 
device  it  is  important  to  know  the  source  of  the  errors  likely  to  be 
met  and  to  know  the  precautions  and  limitations  which  if  observed 
will  help  to  reduce  the  errors. 

It  is  important  that  the  edges  of  the  orifices  be  sharp  and  square. 
The  orifice  plates  in  the  present  tests  were  3/16  inch  thick,  but  there 
is  no  reason  for  believing  that  the  coefficients  derived  from  the  ex- 
perimental data  would  not  apply  equally  well  to  orifices  in  plates  of 
lesser  thickness. 

The  orifice  should  be  placed  in  a  region  where  there  is  approxi- 
mately uniform  flow.  This  will  necessitate  the  pipe  upstream  from 
the  orifice  being  straight  and  free  from  abrupt  changes  in  cross-sec- 
tional area  for  10  diameters  or  more. 

On  account  of  the  possibility  of  small  openings  becoming  clogged 
it  seems  inadvisable  to  use  gage  connections  having  a  diameter  less 
than  14  inch,  particularly  for  permanent  installation. 

It  is  important  that  all  burr  be  removed  and  also  that  the  nipple 
does  not  protrude  beyond  the  inner  surface  of  the  pipe ;  for  small  pro- 
jections, by  altering  flow  conditions,  are  likely  to  produce  a  systematic 
error  of  considerable  magnitude  in  the  gage  readings. 

For  -T  equal  to  2.0  or  greater  a  single  nipple  at  each  section  will 

be  sufficient.  Although  in  the  tests  from  which  the  coefficients  of 
discharge  were  derived  the  sections  at  which  nipples  were  placed  were 
0.8  D  upstream  from  the  orifice  and  0.4  D  downstream  from  the  ori- 
fice, these  distances  may  be  altered  somewhat  without  appreciably 
changing  pressure  conditions.  (See  Fig.  3,  p.  20). 

For  -T  less  than  2.0  two  opposite  nipples  at  each  section  produce 

more  reliable  gage  readings  than  do  the  single  nipples,  the  pair  at 
each  section  being  joined  together  as  illustrated  in  Fig.  4,  p.  23. 
The  indications  are  that  the  distance  from  the  orifice  to  the  section 


THE  PIPE  ORIFICE  FOR  MEASURING  FLOW  OF  WATER 


41 


downstream  from  the  orifice  may  not  be  appreciably  altered  from  0.4 
D  and  that  the  distance  from  the  orifice  to  the  section  upstream  from 
the  orifice  should  not  be  less  than  0.8  D.  On  account  of  pipe  friction 
this  latter  distance  should  not  greatly  exceed  0.8  D,  particularly  for 
high  velocities. 

A  differential  gage  of  the  U-tube  type,  similar  to  those  shown  in 
Fig.  5,  p.  24,  answers  all  the  requirements,  is  simple  to  construct,  and 
may  be  used  with  mercury  or  water.  The  gage  board  should  be 
graduated  to  0.01  ft.  and  the  graduations  should  extend  under  the 
gage  tubes.  For  flushing  the  gage  and  the  connecting  tubes,  and  for 
regulating  the  height  of  the  air  columns  when  water  is  the  differential, 
there  should  be  a  pet  cock  at  the  end  of  each  gage  tube.  Stop  cocks 
for  throttling  the  gage  should  be  placed  near  the  ends  of  the  gage 
tubes  as  shown  in  Fig.  5. 

A  gage  that  may  be  quickly  constructed  in  an  emergency  and 
the  essential  parts  of  which  are  easily  obtainable  and  readily  portable 
is  shown  in  Fig.  13.  The  glass  tubes  need  not  be  more  than  a  foot 


FIG.  13.     EMERGENCY  DIFFERENTIA^  GAGE 
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long.  The  piece  of  rubber  tubing  connecting  the  glass  tubes  makes  it 
possible  to  adjust  the  relative  height  of  the  tubes  to  suit  the  drop  in 
pressure  head.  The  gage  may  be  fixed  to  an  ordinary  leveling  rod  or 
may  be  fixed  to  a  plain  board  and  the  gage  height  measured  with  the 
ordinary  pocket  rule.  This  form  of  gage  is  not  suitable  for  high 
pressures  on  account  of  the  difficulty  of  making  tight  joints. 

If  the  pressure  openings  are  in  the  upper  side  of  the  pipe,  it  is 
important  that  provision  be  made  for  removing  air,  which  is  likely 
to  become  pocketed  on  either  side  of  the  orifice  and  in  the  gage  con- 
nections, without  forcing  it  through  the  hose  or  pipe  connecting  the 
pressure  openings  with  the  gage.  If  there  are  no  pressure  openings 
in  the  upper  side  of  the  pipe,  pet  cocks  should  be  inserted.  When 
opposite  openings  are  inserted  at  each  section  provision  should  be 
made  for  ascertaining  whether  or  not  the  tubes  are  free  from  ob- 
struction and  full  of  water.  Fig.  4,  p.  23,  illustrates  an  arrangement 
of  valves  and  pet  cocks  which  makes  this  possible. 

Preliminary  to  taking  observations,  with  water  flowing  in  the 
pipe,  all  cocks  should  be  opened  and  the  pipe  and  gage  connections 
should  be  flushed.  It  is  important  that  there  should  be  no  air  in  the 
pipe  in  the  vicinity  of  the  orifice,  nor  in  the  gage  connections,  for  the 
presence  of  air  is  likely  to  change  radically  the  gage  reading. 

If  the  foregoing  precautions  are  observed  under  favorable  condi- 
tions, the  rate  of  discharge  as  measured  by  a  pipe  orifice  should  be 
accurate  within  2  per  cent.  This  means  compares  favorably  with  many 
other  methods  of  measuring  water.  For  unfavorable  conditions  the 
accuracy  of  the  method  will  be  as  great  as  with  most  other  methods 
under  similarly  unfavorable  conditions. 
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IV.     EFFECT  OF  DEVIATION  FROM  STANDARD  CONDITIONS 

20.  General  Remarks. — With  the  possibilities  of  utilizing  the 
relation  between  drop  in  pressure  and  discharge  for  determining  the 
rate  of  discharge  through  a  pipe  line  in  mind,  it  is  important  that 
something  should  be  known  concerning  the  effect  of  slight  deviations 
from  the  standard  conditions  under  which  the  tests  were  made,  either 
in  the  arrangement  or  design  of  the  apparatus  or  in  the  methods  of 
handling  the  apparatus.    To  this  end  series  of  tests  were  made:  (1) 
with  gage  connections  fully  opened  and  then  with  gage  throttled,  (2) 
with  a  single  gage  connection  at  each  section,  first  with  the  nipple 
inserted  in  the  upper  side  of  the  pipe  and  then  in  the  under  side,  (3) 
with  %-inch  eccentricity  between  center  of  orifice  and  center  of  pipe, 
first  with  a  single  nipple  at  each  section,  and  then  with  the  standard 
connection  of  two  opposite  nipples  at  each  section,  (4)  with  45  degree 
bevel-edged  orifices,  the  bevel  facing  upstream. 

21.  Throttling. — The   purpose   of   throttling   is   to   reduce   the 
effect  of  momentary  pressure  fluctuations,   thereby  causing,   for   a 
constant  discharge,  the  fluid  in  the  columns  of  the  differential  gage 
to  remain  in  a  nearly  stationary  position.     The  experiments  indicate 

that  for  values  of   -r  of  2  or  greater,  when  there  are  no  systematic 

surges  along  the  pipe  line  (such  as  might  be  caused  by  pump  action), 
there  is  no  appreciable  reduction  in  the  magnitude  of  the  accidental 

errors  of  observing  brought  about  by  throttling :  but  for  —  less  than 

a 

2,  when  the  region  of  greatly  disturbed  flow  (to  which  reference  has 
previously  been  made)  is  at  or  near  the  section  of  greatest  contrac- 
tion, the  accidental  errors  may  be  reduced  to  20  or  25  per  cent  of  what 
they  are  with  gage  connections  fully  open.  The  results  of  the  tests 
also  make  it  clear  that  systematic  errors  are  likely  to  enter  into  the 
gage  readings  unless  the  throttling  is  done  very  carefully.  If  the 
gage  is  throttled  too  much  and  a  change  in  the  rate  of  flow  takes 
place,  it  is  likely  to  be  several  minutes  before  the  columns  become 
fully  adjusted  to  the  change  in  pressure.  If  the  throttling  is  done 
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quickly,  a  gage  reading  taken  immediately  after  is  not  likely  to  rep- 
resent the  mean  difference  in  pressure  head. 

Briefly  summed  up,  the  experience  of  the  observers  warrants  the 
following  suggestions : 

(1)  Throttle  only  when  necessary,  which  in  general  will 
be  for  values  of  -=-  less  than  2,  unless  there  are  systematic  surges 

along  the  pipe  line. 

(2)  Throttling  too  much  is  often  worse  than  not  throttling 
at  all,  particularly  if  the  rate  of  discharge  is  variable.    Accurate 
observations  may  be  taken  when  there  is  a  considerable  fluctuation 
in  the  heights  of  the  gage  columns. 

(3)  When  throttling,  best  results  are  to  be  obtained  if  the 
throttle  cocks  are  opened  prior. to  each  observation  and  simul- 
taneously and  slowly  closed  the  desired  amount.    It  is  important 
that  there  should  be  no  leaks  in  the  gage  connections.    A  leakage 
of  a  few  drops  per  minute  from  the  throttle  cock  is  likely  to 
produce  a  large  error  in  gage  reading. 

(4)  When  using  the  water  gage,  observations  may  be  most 
nearly  accurately  taken  when  the  gage  is  so  throttled  that  the 
two  water  columns  fluctuate  the  same  amount  and  in  unison.    In 
general  this  arrangement  will  require  that  the  gage  column  con- 
nection for  the  section  of  greatest  contraction  be  throttled  more 
than  that  for  the  section  of  beginning  of  convergence. 

22.  Position  and  Number  of  Gage  Connections. — The  tests  to 
determine  the  effect  of  the  position  and  number  of  gage  connections 
warrant  the  following  statements : 

(1)  If  the  orifice  is  concentric  with  the  pipe,  a  change  in  the 
circumferential  position  of  the  pipe  nipples  inserted  at  the  section 
of  beginning  of  convergence  and  the  section  of  greatest  contrac- 
tion will  cause  no  variation  in  gage  readings.    If  only  one  nipple 
is  to  be  inserted  at  each  section,  there  is  an  advantage  in  placing 
it  in  the  under  side  of  the  pipe  if  air  is  present  in  the  discharge, 
and  in  the  upper  side  of  the  pipe  if  sediment  is  being  carried. 

(2)  For  -T  equal  to  2  or  more  there  is  no  material  advantage 
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in  having  more  than  one  pressure  opening  at  each  section.  For 
-j  less  than  2  the  momentary  fluctuations  in  pressure,  as  registered 

by  the  gage,  may  be  appreciably  reduced  by  having  two  opposite 
openings  at  each  section,  these  being  connected  as  shown  in  Fig. 
4,  p.  23.  It  seems  probable  that  additional  openings  would  still 
further  reduce  the  gage  fluctuations. 


23.  Eccentricity. — The  tests  to  determine  the  effect  of  eccentric- 
ity were  made  on  only  the  4-inch  pipe.  The  eccentricity  was  %  inch 
and  the  displacement  of  the  orifice  was  vertical.  The  apparatus  was 
so  arranged  that  the  gage  could  be  made  to  register  the  difference  in 
pressure  obtained  for  the  two  sections  by  connecting  to  the  differential 
gage  (a)  the  openings  in  the  top  of  the  pipe,  (b)  the  openings  in  the 
bottom  of  the  pipe,  and  (c)  all  four  openings. 

The  results  indicate  that  regardless  of  the  size  of  orifice  an  eccen- 
tricity of  as  much  as  D/16  will  produce  no  effect  on  gage  readings, 
provided  the  gage  is  connected  to  two  opposite  pressure  openings  at 

each  section.    But  for  -j  less  than  2  the  gage  readings  will  be  changed 
d 

considerably  when  the  gage  is  connected  to  a  single  pressure  opening 
at  each  section.  For  —  =1.5  this  change  is  about  4  per  cent,  and  for 

-r=1.2,  about  18  per  cent.    It  seems  probable  that  a  corresponding 

eccentricity  with  other  sizes  of  pipe  would  produce  a  similar  effect. 
Considering  the  difficulties  of  ascertaining  whether  or  not  the  orifice 
is  properly  centered  under  the  ordinary  conditions  of  practice,  the 
necessity  for  gage  connections  on  opposite  sides  of  the  pipe  at  each 

section,  when  -7-  is  less  than  2,  will  be  readily  appreciated. 

The  effect  of  small  longitudinal  displacements  of  the  gage  con- 
nections is  well  illustrated  by  the  curves  of  Fig.  3,  p.  20.  It  is  evident 

that  for  -T  less  than  2,  in  order  that  no  measurable  change  in  the  gage 

readings  be  produced,  no  considerable  change  in  the  longitudinal  posi- 
tien  of  the  pressure  openings  for  the  section  of  beginning  of  con- 
vergence may  be  made,  nor  may  the  pressure  openings  for  the  section 
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of  greatest  contraction  be  placed  nearer  the  orifice  than  four-tenths 
the  diameter  of  the  pipe. 

24.  Bevel-edged  Orifices. — The  method  of  conducting  tests  with 
bevel-edged  orifices  was  identical  with  that  used  in  determining  the 
relation  between  drop  in  pressure  and  discharge  for  thin  square-edged 
orifices.  Tests  were  made  on  4-inch  and  6-inch  pipe  with  five  sizes  of 
orifice  for  each  size  of  pipe.  For  each  of  the  two  series  of  tests  the 
ratios  of  diameter  of  pipe  to  diameter  of  orifice  were  1.22,  1.52,  2.03. 
3.04,  and  6.08. 

The  orifices  were  cut  in  3/16-inch  plates  with  the  upstream  edge 
on  a  45-degree  bevel.  The  thickness  of  metal  at  the  small  diameter 
of  each  orifice  was  1/32  inch,  and  the  large  diameter  was  5/16  inch 
greater  than  the  small  diameter. 

In  instituting  the  tests  the  thought  was  that  the  effect  of  the 
beveled  edge  might  go  to  produce  a  coefficient  of  discharge  less 

affected  by  small  changes  in  —  as  the  diameter  of  the  orifice  approaches 

that  of  the  pipe,  and  thus  make  it  practicable,  with  high  velocities,  to 
use  a  larger  sized  orifice  than  the  experiments  with  thin-plate  orifices 
indicate  may  be  used  with  precision. 


TABLE  7 
COEFFICIENTS  OF  DISCHARGE  FOR  BEVEL-EDGED  ORIFICES — C" 


D 

*S 

Coef.  of  Discharge 

as 

Co:f.  of  Discharge 

d 

/K=0.01 

fcb  =  0.1 

ft6-1.0 

hb  =  io 

hb~50 

ss 

Ab  =  0.01 

fc6-0.1 

fc6-l.C 

hb=io 

hb~so 

1   22 

0.870 

0.852 

0.832 

0.811 

0.800 

0.8^0 

0.813 

0.795 

0.775 

0.764 

1   52 

JJ 

0.802 

0.784 

0.765 

0.747 

0.738 

c 

0.762 

0.744 

0.727 

0.709 

0.701 

2.03 

'V 

0.773 

0.759 

0.745 

0.731 

0.724 

2 

0.735 

0.722 

0.709 

0.696 

0.690 

3  04 

•*!< 

0.753 

0.741 

0.730 

0.718 

0.713 

0.735 

0.724 

0.713 

0.702 

0.697 

6.08 

0.756 

0.750 

0.745 

0.739 

0.737 

0-.  746 

0.740 

0.735 

0.729 

0.727 

The  coefficients  of  discharge,  deduced  from  discharge  curves 
similar  to  those  of  Figs.  6  and  7,  pp.  28  and  29,  are  shown  in  Table  7. 
A  comparison  of  these  coefficients  with  corresponding  values  in  Table 
4,  p.  30,  will  show  that  the  effect  of  beveling  has  been  materially  to  in- 
crease the  coefficients  of  discharge  and  also  to  produce  a  coefficient  of 
discharge  that,  as  the  drop  in  pressure  head  increases  and  as  the  size 
of  pipe  increases,  decreases  much  more  rapidly.  In  Fig.  14  the  coeffi- 
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FIG.  14.    COEFFICIENTS  OF  DISCHARGE  FOR  BEVEL-EDGED  ORIFICES 

cients  of  Table  7  for  /ift=0.01  ft.  and  hb=W  ft.  are  plotted  against  val- 
ues of  —.    A  comparison  of  the  curves  drawn  through  these  points  with 
d 

corresponding  curves  for  square-edged  orifices,   Fig.  9,   p.   32,  will 
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still  further  emphasize  the  extreme  variability  of  the  coefficients  of 
discharge  under  consideration.  As  an  offset  to  these  undesirable 

characteristics,  for  a  given  change  in  the  value  of  -7-  when  that  ratio 

is  less  than  2,  there  is  considerably  less  variation  in  the  coefficient 
of  discharge  for  the  bevel-edged  orifice  than  for  the  square-edged 

orifice.    This  statement  is  especially  true  for  values  of  -7  less  than  1.5, 

where  the  rate  of  change  for  the  bevel-edged  orifice  is  about  two- 
thirds  that  for  the  square-edged  orifice. 

It  is  worth  noting  that  the  coefficient  of  discharge  for  each  orifice 
approaches  that  for  the  corresponding  square-edged  orifice  as  the 
drop  in  pressure  head  increases,  and  that  the  rate  of  this  increase  be- 
comes greater  as  -r  decreases  and  becomes  greater  as  the  diameter  of 

the  pipe  increases.    For  example,  for  the  4-inch  pipe  and  -7-  =2.03  the 

variation  between  the  two  coefficients  of  discharge  is  17  per  cent  when 
7i6=0.1  ft.  and  15  per  cent  when  /t^=50  ft.;  for  the  6-inch  and 

-7  =2.03  the  variation  is  14  per  cent  when  hb=O.I  ft.  and  12  per  cent 
d 

when  /i&=50  ft. 

A  study  of  the  observations  indicates  that  the  accidental  errors 
of  reading  the  gage  are  about  the  same  for  the  bevel-edged  orifice  as 
for  the  square-edged  orifice.  The  systematic  errors,  however,  or  those 
which  will  not  be  eliminated  by  increasing  the  number  of  observations, 
are  those  to  which  most  attention  must  be  given ;  and  among  the  sources 

of  systematic  error  when  -=-  is  small,  that  source  most  likely  to  be  pro- 
ductive of  the  greatest  error  in  the  computed  discharge  under  the  con- 
ditions of  ordinary  practice  seems  to  be  in  the  determination  of  the 

ratio  — •     Since  for  small  values  of  —  the  coefficient  of  discharge  for 

bevel-edged  orifices  varies  less  for  a  given  change  in  -7-  than  does  the 

d 

coefficient  for  square-edged  orifices,  it  seems  reasonable  to  believe  that 
for  values  of  -  less  than  1.5  there  may  be  a  slight  advantage  in  using 
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the  bevel-edged  orifice,   although   the   present   experiments   are  not 
sufficiently  comprehensive  to  confirm  fully  this  belief. 

The  curves  in  Figs.  9  and  14  are  of  value  as  an  indication  of  the 
importance  of  having  the  edges  of  the  square-edged  orifice  sharp  and 
square  if  the  coefficients  of  discharge  for  square-edged  orifices  are  ex- 
pected to  hold  good.  In  permanent  installations  this  will  make  it 
important  that  the  orifice  plate  be  of  some  material  which  does  not  rust 
or  corrode  easily. 
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V.     SUMMARY 

25.  General  Applicability  of  Pipe  Orifice  Method. — The  fore- 
going discussion  has  shown  that  the  thin-plate  orifice  inserted  in  a 
pipe  may  be  used  with  confidence  for  measuring  the  discharge  of  water 
through  pipes.     Like  nearly  all  methods  of  measuring  water  it  is 
subject  to  some  limitations  although  it  helps  to  fill  a  growing  need 
which  has  been  partly  filled  by  the  pitometer  and  by  the  injection  of 
chemicals.    The  pipe  orifice  is  in  effect  a  portable  Venturi  meter,  the 
disadvantage  of  the  pipe  orifice  being  the  relatively  large  lost  head 
caused  by  the  obstruction  of  the  orifice  plate ;  however  since  the  pipe 
orifice  method  is  probably  best  adapted  to  temporary  use  the  lost 
head  may  in  general  be  unimportant.    In  a  long  pipe  line  also  the 
lost  head  caused  by  the  orifice  would  be  relatively  small.     Cases  in 
which  the  pipe  orifice  should  be  of  particular  value  have  already  been 
suggested  in  the  introduction. 

Although  all  the  deductions  and  conclusions  given  in  this  sum- 
mary apply  to  the  measurement  of  water,  attention  should  be  called 
to  the  fact  that  the  pipe  orifice  is  adapted  to  measuring  the  discharge 
of  air,  gas,  and  steam  through  pipes. 

26.  Conclusions. — The  following  points  are  important  as  a  guide 
to  the  proper  use  of  the  pipe  orifice  method  of  measuring  the  discharge 
of  water  through  a  pipe : 

(1)  The  two  sections  of  the  pipe  between  which  change  in 
pressure  head  may  be  most  reliably  determined  are  the  section  at 
which  normal  flow  is  discontinued  and  the  stream  begins  to  con- 
verge as  it  approaches  the  orifice  and  the  section  of  greatest  con- 
traction of  the  jet  after  it  leaves  the  orifice.    Regardless  of  the 
size  of  pipe,  for  all  sizes  of  orifice  which  it  is  feasible  to  use,  the 
distance  from  the  plane  of  the  orifice  to  the  section  of  beginning 
of  convergence  may  be  taken  as  eight-tenths  the  pipe  diameter, 
and  the  distance  to  the  section  of  greatest  contraction  as  four- 
tenths  the  pipe  diameter  (section  11,  p.  21). 

(2)  The  drop  in  pressure  head  between  these  two  sections 
is  greater  than  that  to  be  found  for  any  other  two  sections  near 
the  orifice. 
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(3)  Having  given  the  measured  difference  between  the  pres- 
sure head  at  the  section  of  beginning  of  convergence  and  the  pres- 
sure head  at  the  section  of  greatest  contraction  the  discharge  may 
be  determined  through  the  use  of  equation  (2),  p.  12,  or  through 
the  use  of  equation  (6),  p.  35. 

(4)  The  coefficient  of  discharge  to  be  used  in  equation  (2) 
is  a  variable  quantity  (Table  4,  p.  30).    It  decreases  as  the  size 
of  pipe  increases;  it  decreases  slightly  as  the  drop  in  pressure 
head  increases ;  it  has  a  minimum  value  for  orifices  having  a  diam- 
eter of  one-third  that  of  the  pipe  and  increases  as  the  diameter 
of  the  orifice  becomes  greater  or  becomes  less  than  one-third  the 
diameter  of  the  pipe. 

(5)  The  lost  head  caused  by  any  given  orifice  in  the  pipe  in 
terms  of  the  velocity  in  the  pipe  may  be  determined  by  equation 
(3),  p.  13. 

(6)  The  lost  head  is  always  less  than  the  drop  in  pressure 
head  but  approaches  it  in  value  as  the  ratio  of  the  diameter  of 
the  pipe  to  the  diameter  of  the  orifice  increases  (section  6,  p.  13). 

(7)  Due  to  the  fluctuations  of  the  liquid  in  the  gage  tubes 
the  systematic  error  of  reading  the  gage  increases  as  the  ratio  of 
the  diameter  of  the  pipe  to  that  of  the  orifice  decreases,  but  when 

that  ratio  -=  is  2  or  greater  the  error  may  under  normal  condi- 
a 

tions  of  flow  be  reduced  to  a  negligible  quantity  by  a  proper  manip- 
ulation of  apparatus.  As  -7  becomes  less  than  2  the  accidental 

a 

error  of  reading  the  gage  increases  very  rapidly  (section  19,  p.  40) 
and  also  small  errors  in  the  measurement  of  the  diameter  of  the 
pipe  or  the  diameter  of  the  orifice  are  likely  to  be  the  constant 
sources  of  an  error  of  increasing  magnitude  in  the  computed  dis- 
charge (section  14,  p.  34).  The  indications  are  that,  for  favorable 
conditions  of  flow  and  with  care  in  installing  the  apparatus  and  in 
observing,  discharge  may  be  determined  generally  within  2  per 
cent  when  the  diameter  of  the  orifice  is  not  in  excess  of  two-thirds 
that  of  the  pipe,  but  this  size  of  orifice  seems  to  be  about  the 
maximum  that  can  be  used  except  for  approximate  determina- 
tions of  discharge.  When  the  magnitude  of  the  lost  head  is  not 
the  controlling  factor  in  the  choice  of  size  of  orifice,  best  results 
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are  likely  to  be  obtained  if  the  diameter  of  the  orifice  is  not  greater 
than  one-half  that  of  the  pipe. 

(8)  For  orifices  having  a  diameter  greater  than  one-half 
that  of  the  pipe  the  use  of  two  opposite  pressure  openings  at  each 
section  is  important  because  of  the  probability  of  the  orifice  being 
somewhat  eccentric  with  the  pipe,  unless  greater  care  is  taken  in 
placing  the  orifice  than  will  usually  be  found  practicable  (sections 

22,  p.  44.  and  23,  p.  45).     Systematic  errors  of  observing  may  be 
great^  reduced  by  proper  throttling   (section  21,  p.  43). 

(9)  The  coefficient  of  discharge  for  bevel-edged  orifices  is 
a  much  more  variable  quantity  and  is  materially  greater  than  the 
coefficient  of  discharge  for  thin  square-edged  orifices.    The  use  of 
the  bevel-edged  orifice  seems  not  to  be  practicable,  except  for 
approximate  measurements  when  the  orifice  diameter  is  greater 
than  two-thirds  of  the  pipe  diameter  (section  24,  p.  46). 


LIST  OF 
PUBLICATIONS   OF   THE   ENGINEERING   EXPERIMENT   STATION 

Bulletin  No.  1.     Tests  of  Reinforced  Concrete  Beams,  by  Arthur  N.  Talbot.  1904.  None  available. 
Circular  No.  1.     High-Speed  Tool  Steels,  by  L.  P.  Breckenridge.     1905.     None  available. 

Bulletin  No.  2.  Tests  of  High-Speed  Tool  Steels  on  Cast  Tron,  by  L.  P.  Breckenridge  and  Henry 
B.  Dirks.  1905.  None  available. 

Circular  No.  2.     Drainage  of  Earth  Roads,  by  Ira  O.  Baker.     1906.     None  available. 

Circular  No.  S.  Fuel  Tests  with  Illinois  Coal  (Compiled  from  tests  made  by  the  Technological 
Branch  of  the  U.  S.  G.  S.,  at  the  St.  Louis,  Mo.,  Fuel  Testing  Plant,  1904-1907),  by  L.  P.  Breckenridge 
and  Paul  Diserens.  1908.  Thirty  cents. 

Bulletin  No.  S.  The  Engineering  Experiment  Station  of  the  University  of  Illinois,  by  L.  P. 
Breckenridge.  1906.  None  available. 

Bulletin  No.  4.     Tests  of  Reinforced  Concrete  Beams,  Series  of  1905,  by  Arthur  N.  Talbot. 

1906.  Forty-five  cents. 

Bulletin  No.  5.  Resistance  of  Tubes  to  Collapse,  by  Albert  P.  Carman  and  M.  L.  Carr.  1906. 
None  available. 

Bulletin  No.  6.     Holding  Power  of  Railroad  Spikes,  by  Roy  I.  Webber.     1906.     None  available. 

Bulletin  No.  7.  Fuel  Tests  with  Illinois  Coals,  by  L.  P.  Breckenridge,  S.  W.  Parr,  and  Henry  B. 
Dirks.  1906.  None  available. 

Bulletin  No.  8.  Tests  of  Concrete:  I,  Shear;  II,  Bond,  by  Arthur  N.  Talbot.  1906.  None 
available. 

Bulletin  No.  9.  An  Extension  of  the  Dewey  Decimal  System  of  Classification  Applied  to  the 
Engineering  Industries,  by  L.  P.  Breckenridge  and  G.  A.  Goodenough.  1906.  Revised  Edition 
1912.  Fifty  cents. 

Bulletin  No.  10.  Tests  of  Concrete  and  Reinforced  Concret  Columns,  Series  of  1906,  by  Arthur 
N.  Talbot.  1907.  None  available. 

Bulletin  No.  11.  The  Effect  of  Scale  on  the  Transmission  of  Heat  through  Locomotive  Boiler 
Tubes,  by  Edward  C.  Schmidt  and  John  M.  Snodgrass.  1907.  None  available. 

Bulletin  No.  12.  Tests  of  Reinforced  Concrete  T-Beams,  Series  of  1906,  by  Arthur  N.  Talbot. 

1907.  None  available. 

Bulletin  No.  IS.  An  Extension  of  the  Dewey  Decimal  System  of  Classification  Applied  to  Archi- 
tecture and  Building,  by  N.  Clifford  Ricker.  1907.  None  available. 

Bulletin  No.  14.  Tests  of  Reinforced  Concrete  Beams,  Series  of  1906,  by  Arthur  N.   Talbot. 

1907.  None  available. 

Bulletin  No.  15.  How  to  Burn  Illinois  Coal  without  Smoke,  by  L.  P.  Breckenridge.  1908. 
None  available. 

Bulletin  No.  16.  A  Study  of  Roof  Trusses,  by  N.  Clifford  Ricker.     1908.     None  available. 

Bulletin  No.  17.  The  Weathering  of  Coal,  by  S.  W.  Parr,  N.  D.  Hamilton,  and  W.  F.  Wheeler. 

1908.  None  available. 

Bulletin  No.  18.  The  Strength  of  Chain  Links,  by  G.  A.  Goodenough  and  L.  E.  Moore.  1908. 
Forty  cents. 

Bulletin  No.  19.  Comparative  Tests  of  Carbon,  Metallized  Carbon  and  Tantalum  Filament 
Lamps,  by  T.  H.  Amrine.  1908.  None  available. 

Bulletin  No.  SO.  Tests  of  Concrete  and  Reinforced  Concrete  Columns,  Series  of  1907,  by  Arthur 
N.  Talbot.  1908.  None  available. 

Bulletin  No.  SI.  Tests  of  a  Liquid  Air  Plant,  by  C.  S.  Hudson  and  C.  M.  Garland.  1908.  Fifteen 
cents. 

Bulletin  No.  28.  Tests  of  Cast-Iron  and  Reinforced  Concrete  Culvert  Pipe,  by  Arthur  N.  Talbot. 
1908.  None  available. 

Bulletin  No.  23.  Voids,  Settlement  and  Weight  of  Crushed  Stone,  by  Ira  O.  Baker.  1908. 
Fifteen  cents. 

^Bulletin  No.  24.  The  Modification  of  Illinois  Coal  by  Low  Temperature  Distillation,  by  S.  W.  Parr 
and  C.  K.  Francis.     1908.     Thirty  cents. 

Bulletin  No.  25.  Lighting  Country  Homes  by  Private  Electric  Plants  .by  T.  H.  Amrine.  1908. 
Twenty  cents. 

*A  limited  number  of  copies  of  bulletins  starred  are  available  for  free  distribution. 

53 


54  PUBLICATIONS   OF   THE   ENGINEERING   EXPERIMENT   STATION 

Bulletin  No.  96.  High  Steam-Pressure  in  Locomotive  Service.     A  Review  of  a  Report  to  the 
Carnegie  Institution  of  Washington,  by  W.  F.  M.  Goss.     1908.     Twenty-five  cents. 

Bulletin  No.  £7.  Tests  of  Brick  Columns  and  Terra  Cotta  Block  Columns,  by  Arthur  N.  Talbot 
and  Duff  A.  Abrams.     1909.     Twenty-fine  cents. 

Bulletin  No.  £8.  A  Test  of  Three  Large  Reinforced  Concrete  Beams,  by  Arthur  N.  Talbot. 
1909.     Fifteen  cents. 

Bulletin  No.  S9.  Tests  of  Reinforced  Concrete  Beams:     Resistance  to  Web  Stresses,  Series  of 
1907  and  1908,  by  Arthur  N.  Talbot.     1909.     Forty-five  cents. 

•Bulletin  No.  SO.  On  the  Rate  of  Formation  of  Carbon  Monoxide  in  Gas  Producers,  by  J.  K.  Cle- 
ment, L.  H.  Adams,  and  C.  N.  Haskins.     1909.     Twenty-five  cents. 

•Bulletin  No.  31.  Tests   with    House-Heating   Boilers,   by   J.    M.    Snodgrass.     1909.     Fifty-fine 
cents. 

Bulletin  No.  St.  The  Occluded  Gases  in  Coal,  by  S.  W.  Parr  and  Perry  Barker.     1909.     Fifteen 
cents. 

Bulletin  No.  SS.  Tests  of  Tungsten  Lamps,  by  T.  H.  Amrine  and  A.  Guell.     1909.     Twenty  cents. 

*BuUetin  No.  84.  Tests  of  Two  Types  of  Tile-Roof  Furnaces  under  a  Water-Tube  Boiler,  by  J.  M. 
Snodgrass.     1909.     Fifteen  cents. 

Bulletin  No.  S5.  A  Study  of  Base  and  Bearing  Plates  for  Columns  and  Beams,  by  N.  Clifford 
Ricker.     1909.     Twenty  cents. 

Bulletin  No.  S6.  The  Thermal  Conductivity  of  Fire-Clay  at  High  Temperatures,  by  J.  K.  Clement 
and  W.  L.  Egy.     1909.     Twenty  cents. 

Bulletin  No.  S7.  Unit  Coal  and  the  Composition  of  Coal  Ash,  by  S.  W.  Parr  and  W.  F.  Wheeler. 
1909.     None  available. 

Bulletin  No.  S8.  The  Weathering  of  Coal,  by  S.  W.  Parr  and  W.  F.  Wheeler.     1909.     Twenty- 
five  cents. 

•Bulletin  No.  39.  Tests  of  Washed  Grades  of  Illinois  Coal,  by  C.  8.  McGovney.     1909.     Seventy- 
five  cents. 

Bulletin  No.  40.  A  Study  in  Heat  Transmission,  by  J.  K.  Clement  and  C.  M.  Garland.     1910. 
Ten  cents. 

Bulletin  No.  41.  Teats  of  Timber  Beams,  by  Arthur  N.  Talbot.     1910.     Thirty-five  cents. 

*Buttetin  No.  42.  The  Effect  of  Keyways  on  the  Strength  of  Shafts,  by  Herbert  F.  Moore.     1910. 
Ten  cents. 

Bulletin  No.  43.  Freight  Train  Resistance,  by  Edward  C.  Schmidt.     1910.     Seventy-five  cents. 

Bulletin  No.  44-  An  Investigation  of  Built-up  Columns  under  Load,  by  Arthur  N.  Talbot  and 
Herbert  F.  Moore.     1911.     Thirty-five  cents. 

•Bulletin  No.  46.  The  Strength  of  Oxyacetylene  Welds  in  Steel,  by  Herbert  L.  Whittemore.     1911. 
Thirty-five  cents. 

•Bulletin  No.  46.  The  Spontaneous  Combustion  of  Coal,  by  S.  W.  Parr  and  F.  W.  Kressman. 
1911.     Forty-five  cents. 

•Bulletin  No.  47.  Magnetic  Properties  of  Heusler  Alloys,  by  Edward  B.  Stephenson.   1911.    Twen- 
ty-five cents. 

•Bulletin  No.  48.  Resistance  to  Flow  through  Locomotive  Water  Columns,  by  Arthur  N.  Talbot 
and  Melvin  L.  Enger.     1911.     Forty  cents. 

•Bulletin  No.  49.  Tests  of  Nickel-Steel  Riveted  Joints,  by  Arthur  N.  Talbot  and  Herbert  F.  Moore. 
1911.     Thirty  cents. 

•Bulletin  No.  60.  Tests  of  a  Suction  Gas  Producer,  by  C.  M.  Garland  and  A.  P.  Kratz.     1912. 
Fifty  cents. 

Bulletin  No.  61.  Street  Lighting,  by  J.  M.  Bryant  and  H.  G.  Hake.     1912.     Thirty-five  cents. 

•Bulletin  No.  6£.  An  Investigation  of  the  Strength  of  Rolled  Zinc,  by  Herbert  F.  Moore.     1912. 
Fifteen  cents. 

•Bulletin  No.  6S.  Inductance  of  Coils,  by  Morgan  Brooks  and  H.  M.  Turner.     1912.     Forty  cents. 
•Bulletin  No.  64.  Mechanical  Stresses  in  Transmission  Lines,  by  A.  Guell.     1912.     Twenty  cents. 

•Bulletin  No.  66.  Starting  Currents  of  Transformers,  with  Special  Reference  to  Transformers  with 
Silicon  Steel  Cores,  by  Trygve  D.  Yensen.     1912.     Twenty  cents. 

•Bulletin  No.  66.  Tests  of  Columns:    An  Investigation  of  the  Value  of  Concrete  as  Reinforcement 
for  Structural  Steel  Columns,  by  Arthur  N.  Talbot  and  Arthur  R.  Lord.     1912.     Twenty-five  cents. 

•Bulletin  No.  67.  Superheated  Steam  in  Locomotive  Service.     A  Review  of  Publication  No.  127 
of  the  Carnegie  Institution  of  Washington,  by  W.  F.  M.  Goss.     1912.     Forty  cents. 

•A  limited  number  of  copies  of  bulletins  starred  is  available  for  free  distribution. 


PUBLICATIONS   OF   THE    ENGINEERING    EXPERIMENT*  STATION     '  53 

^Bulletin  No.  68.  A  New  Analysis  of  the  Cylinder  Performance  of  Reciprocating  Engines,  by 
J.  Paul  Clayton.     1912.     Sixty  cents. 

^Bulletin  No.  69.  The  Effect  of  Cold  Weather  upon  Train    Resistance  and  Tonnage  Rating,  by 
Edward  C.  Schmidt  and  F.  W.  Marquis.  \  1912.     Twenty  cents. 

Bulletin  No.  60.  The  Coking  of  Coal  at  Low  Temperatures,  with  a  Preliminary  Study  of  the 
By-Products,  by  S.  W.  Parr  and  H.  L.  Olin.     1912.     Twenty-five  cents. 

^Bulletin  No.  61.  Characteristics  and  Limitation  of  the  Series  Transformer,  by  A.  R.  Anderson 
and  H.  R.  Woodrow.     1913.     Twenty-five  cents. 

Bulletin  No.  62.  The  Electron  Theory  of  Magnetism,  by  Elmer  H.  Williams.     1913.     Thirty-five 
cents. 

Bulletin  No.  63.  Entropy-Temperature  and  Transmission  Diagrams  for  Air,  by  C.  R.  Richards. 
1913.     Twenty-five  cents. 

^Bulletin  No.  64.  Tests  of  Reinforced  Concrete  Buildings   under  Load,  by  Arthur  N.  Talbot  and 
Willis  A.  Slater.     1913.     Fifty  cents. 

*Bulletin  No.  65.  The  Steam  Consumption  of  Locomotive  Engines  from  the  Indicator  Diagrams, 
by  J.  Paul  Clayton.     1913.     Forty  cents. 

Bulletin  No.  66.  The  Properties" of  Saturated  and  Superheated  Ammonia  Vapor,  by  G.  A.  Good- 
enough  and  William  Earl  Mosher.     1913.     Fifty  cents. 

Bulletin  No.  67.  Reinforced  Concrete  Wall  Footings  and  Column  Footings,  by  Arthur  N.  Talbot 

1913.  Fifty  cents. 

Bulletin  No.  68.  The  Strength  of  I-Beams  in  Flexure,  by  Herbert  F.  Moore.     1913.     Twenty 
cents. 

Bulletin  No.  69.  Coal  Washing  in  Illinois,  by  F.  C.  Lincoln.     1913.     Fifty  cents. 

Bulletin  No.  70.  The  Mortar-Making  Qualities  of  Illinois  Sands,  by  C.  C.  Wiley.     1913.     Twenty 
cents. 

Bulletin  No.  71.  Tests  of  Bond  between  Concrete  and  Steel,  by  Duff  A.  Abrams.     1914.     One 
dollar. 

*Bulletin  No.  72.  Magnetic  and  Other  Properties  of  Electrolytic  Iron  Melted  in  Vacuo,  by  Trygve 
D.  Yensen.     1914.     Forty  cents. 

Bulletin  No.  73.  Acoustics  of  Auditoriums,  by  F.  R.  Watson.     1914.     Twenty  cents. 

^Bulletin  No.  74.  The  Tractive  Resistance  of  a  28-Ton  Electric  Car,  by  Harold  H.  Dunn.     1914. 
Twenty-five  cents. 

Bulletin  No.  75.  Thermal  Properties  of  Steam,  by  G.  A.  Goodenough.     1914.     Thirty-five  cents. 

Bulletin  No.  76.  The  Analysis  of  Coal  with  Phenol  as  a  Solvent,  by  S.  W.  Parr  and  H.  F.  Hadley. 

1914.  Twenty-five  cents. 

*Bulletin  No.  77.  The  Effect  of  Boron  upon  the  Magnetic  and  Other  Properties  of  Electrolytic 
Iron  Melted  in  Vacuo,  by  Trygve  D.  Yensen.     1915.     Ten  cents. 

*Bulletin  No.  78.  A  Study  of  Boiler  Losses,  by  A.  P.  Kratz.     1915.     Thirty-five  cents. 

^Bulletin  No.  79.  The  Coking  of  Coal  at  Low  Temperatures,  with  Special  Reference  to  the  Prop- 
erties and  Composition  of  the  Products,  by  S.  W.  Parr  and  H.  L.  Olin.     1915.     Twenty-five  cents. 

Bulletin  No.  80.  Wind  Stresses  in  the  Steel  Frames  of  Office  Buildings,  by  W.  M.  Wilson  and 
G.  A.  Maney.     1915.     Fifty  cents. 

Bulletin  No.  81.  Influence  of  Temperature  on  the  Strength  of  Concrete,  by  A.  B.  McDaniel. 

1915.  Fifteen  cents. 

Bulletin  No.  82.  Laboratory  Tests  of  a  Consolidation  Locomotive,  by  E.  C.  Schmidt,  J.  M.  Snod- 
grass,  and  R.  B.  Keller.     1915.     Sixty-five  cents. 

*Bulletin  No.  83.  Magnetic  and  Other  Properties  of  Iron  Silicon   Alloys,  Melted   in  Vacuo,  by 
Trygve  D.  Yensen.     1915.     Thirty-five  cents. 

Bulletin  No.  84.  Tests  of  Reinforced  Concrete  Flat  Slab  Structures,  by  Arthur  N.  Talbot  and 
W.  A.  Slater.     1916.     Sixty-five  cents. 

^Bulletin  No.  85.  The  Strength  and  Stiffness  of  Steel    under  Biaxial  Loading,  by  A.  T.  Becker. 

1916.  Thirty-five  cents. 

*Bulletin  No.  86.  The  Strength  of  I-Beams  and  Girders,  by  Herbert  F.  Moore  and  W.  M.  Wilson 
1916.     Thirty  cents. 

*Bulletin  No.  87.  Correction  of  Echoes  in  the  Auditorium,  University  of  Illinois,  by  F.  R.  Watson 
and  J.  M.  White.     1916.     Fifteen  cents. 

Bulletin  No.  88.  Dry  Preparation  of  Bituminous  Coal  at  Illinois  Mines,  by  E.  A.  Holbrook.     1916. 
Seventy  cents. 

*A  limited  number  of  copies  of  bulletins  starre  <1  is  available  for  free  distribution. 
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*Bulletin  No.  89.  Specific  Gravity  Studies  of  Illinois  Coal,  by  Merle  L.  Nebel.  1916.  Thirty 
cents. 

*Bulletin  No.  90.     Some  Graphical   Solutions  of  Electric  Railway  Problems,  by  A.  M.  Buck. 

1916.  Twenty  cents. 

Bulletin  No.  91.     Subsidence  Resulting  from  Mining,  by  L.  E.  Young  and  H.  H.  Stoek.     1916. 
None  available. 

^Bulletin  No.  92.  The  Tractive  Resistance  on  Curves  of  a  28-Ton  Electric  Car,  by  E.  C.  Schmidt 
and  H.  H.  Dunn.  1916.  Twenty-five  cents. 

^Bulletin  No.  93.  A  Preliminary  Study  of  the  Alloys  of  Chromium,  Copper,  and  Nickel,*!by 
D.  F.  McFarland  and  O.  E  Harder.  1916.  Thirty  cents. 

*Bulletin  No.  94.     The  Embrittling  Action  of  Sodium  Hydroxide  on  Soft  Steel,  by  S.  W.  Parr. 

1917.  Thirty  cents. 

^Bulletin  No.  95.  Magnetic  and  Other  Properties  of  Iron-Aluminum  Alloys  Melted  in  Vacuo,  by 
T.  D.  Yensen  and  W.  A.  Gatward.  1917.  Twenty-five  cents. 

^Bulletin  No.  96.  The  Effect  of  Mouthpieces  on  the  Flow  of  Water  through  a  Submerged  Short 
Pipe,  by  Fred  B  Seely.  1917.  Twenty-five  cents. 

Bulletin  No.  97.  Effects  of  Storage  upon  the  Properties  of  Coal,  by  S.  W.  Parr.  1917.  Twenty 
cents. 

*Bulletin  No.  98.  Testa  of  Oxyacetylene  Welded  Joints  in  Steel  Plates,  by  Herbert  F.  Moore 
1917.  Ten  cents. 

Circular  No.  4-     The  Economical  Purchase  and  Use  of  Coal  for  Heating  Homes,  with  Special 
Reference  to  Conditions  in  Illinois.     1917.     Ten  cents. 

^Bulletin  No.  99.     The  Collapse  of  Short  Thin  Tubes,  by  A.  P.  Carman.     1917.     Twenty  cents. 

*Circular  No.  5.  The  Utilization  of  Pyrite  Occurring  in  Illinois  Bituminous  Coal,  by  E.  A. 
Holbrook.  1917.  Twenty  cents. 

^Bulletin  No.  100.  Percentage  of  Extraction  of  Bituminous  Coal  with  Special  Reference  to 
Illinois  Conditions,  by  C.  M.  Young.  1917. 

*Bulletin  No.  101.  Comparative  Tests  of  Six  Sizes  of  Illinois  Coal  on  a  Mikado  Locomotive, 
by  E.  C.  Schmidt,  J.  M.  Snodgrass,  and  O.  S.  Beyer,  Jr.  1917.  Fifty  cents. 

*Bulletin  No.  102.  A  Study  of  the  Heat  Transmission  of  Building  Materials,  by  A.  C.  Willard 
and  L.  C.  Lichty.  1917.  Twenty-five  cents. 

^Bulletin  No.  103.  An  Investigation  of  Twist  Drills,  by  B.  Benedict  and  W.  P.  Lukens.  1917. 
Sixty  cents. 

^Bulletin  No.  104.  Tests  to  Determine  the  Rigidity  of  .Riveted  Joints  of  Steel  Structures,  by 
W  M.  Wilson  and  H.  F.  Moore.  1917.  Twenty-five  cents. 

Circular  No.  6.     The  Storage  of  Bituminous  Coal,  by  H.  H.  Stoak.     1918.     Forty  cents. 

Circular  No.  7.     Fuel  Economy  in  the  Operation  of  Hand  Fired  Power  Plants.     1918.     Twenty 
cents. 

^Bulletin  No.  105.  Hydraulic  Experiments  with  Valves,  Orifices,  Hose,  Nozzles,  and  Orifice 
Buckets,  by  Arthur  N.  Talbot,  Fred  B  Seely,  Virgil  R.Fleming,  and  Melvin  L.  Enger.  1918.  Thirty 
five  cents. 

*Bulletin  No.  106.  Test  of  a  Flat  Slab  Floor  of  the  Western  Newspaper  Union  Building,  by 
Arthur  N.  Talbot  and  Harrison  F.  Gonnerman.  1918.  Twenty  cents. 

Circular  No.  8.     The  Economical  Use  of  Coal  in  Railway  Locomotives.     1918.     Twenty  cents 

^Bulletin  No.  107.  Analysis  and  Tests  of  Rigidly  Connected  Reinforced  Concrete  Frames,  by 
Mikishi  Abe.  1918.  Fifty  cents. 

^Bulletin  No.  108.  Analysis  of  Statically  Indeterminate  Structures  by  the  Slope  Deflection 
Method,  by  W.  M.  Wilson,  F.  E.  Richart,  and  Camillo  Weiss.  1918.  One  dollar. 

*Bulletin  No.  109.  The  Orifice  as  a  Means  of  Measuring  Flow  of  Water  through  a  Pipe,  by 
R.  E.  Davis  and  H.  H.  Jordan.  1918.  Twenty-five  cents. 


*A  limited  number  of  copies  of  bulletins  starred  are  available  for  free  distribution. 
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